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Supplementary results and discussion

Phylogenetic inference (Supplementary Figs. 1 to 6)

We inferred the first comprehensive phylogeny for the genus Microcebus under five missing
data thresholds and with two complementary algorithms (maximum likelihood, quartet-based).
With respect to species-level divergences, maximum likelihood phylogenies are congruent
across filtering schemes and ultrafast bootstrap support is high (Supplementary Figs. 1 to 5).
Quartet-based inference on a thinned SNP set largely supports the maximum likelihood
topology but standard bootstrap values decrease and incongruencies increase with higher
amounts of missing data, both for individual- and for species-level assignments
(Supplementary Figs. 1 to 6). We therefore used the consistent maximum likelihood topology
for downstream analyses (i.e., divergence time estimation, biogeographic reconstruction and
the modelling of morphological stasis and climatic niche diversification).

Our topology supports a basal split between the M. murinus group, M. griseorufus and
the clade comprised of M. bongolavensis, M. danfossi and M. ravelobensis on the one hand,
and all other Microcebus species on the other hand. Among the latter, pairs and triplets of
candidate species branch off consecutively, starting with M. jonahi and M. macarthurii of
northeastern Madagascar, followed by M. gerpi, M. jollyae and M. marohita of the central east
coast and M. boraha and M. simmonsi from the areas in between. Subsequently, there is a
bifurcation separating the species of northern Madagascar (i.e., M. arnholdi, M. sp. 1, M.
tavaratra, M. mamiratra, M. margotmarschae, M. sambiranensis) and the remaining species
from the dry central-western and the humid eastern forests of Madagascar (i.e., M. berthae,
M. myoxinus, M. rufus, M. tanosi, M. lehilahytsara, M. mittermeieri).

Previous phylogenies for the genus Microcebus often relied on a limited set of species
and/or genes and exhibited low support or short branch lengths especially at deeper nodes’-
8, It is beyond the scope of this work to discuss all conflicting phylogenetic hypotheses.
Notably, however, the placement of the clade comprising M. bongolavensis, M. danfossi and
M. ravelobensis appeared to be particularly difficult to resolve. Our topology places this clade
with high support as sister to the M. murinus group and M. griseorufus, which is in line with
Weisrock et al.® and a recent analysis of ultra-conserved elements®. In contrast, Fauskee et
al.'® suggest that this placement may be an artefact caused by ancient gene flow between the
stem of the clade and that of the M. murinus group and M. griseorufus, and that it rather is
sister to the other maijor clade in the Microcebus phylogeny. Further research is necessary to
clarify its position and identify the role of gene flow particularly during the early diversification

of the genus Microcebus.
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Supplementary Figure 1: Maximum likelihood (left) and quartet-based (right) phylogenies
inferred with IQ-TREE and SVDquartets, respectively, from a SNP set with 5% maximum
missing data per site. Node labels represent percent SH-aLRT/ultrafast bootstrap support (left)
and percent bootstrap support (right) if below 100. Individuals are coloured according to
candidate species. Scale is substitutions per site.
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Maximum likelihood (left) and quartet-based (right) phylogenies
inferred with IQ-TREE and SVDquartets, respectively, from a SNP set with 25% maximum
missing data per site. Node labels represent percent SH-aLRT/ultrafast bootstrap support (left)
and percent bootstrap support (right) if below 100. Individuals are coloured according to
candidate species. Scale is substitutions per site.
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Supplementary Figure 3: Maximum likelihood (left) and quartet-based (right) phylogenies
inferred with IQ-TREE and SVDquartets, respectively, from a SNP set with 50% maximum
missing data per site. Node labels represent percent SH-aLRT/ultrafast bootstrap support (left)
and percent bootstrap support (right) if below 100. Individuals are coloured according to
candidate species. Scale is substitutions per site.
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Supplementary Figure 4: Maximum likelihood (left) and quartet-based (right) phylogenies
inferred with IQ-TREE and SVDquartets, respectively, from a SNP set with 75% maximum
missing data per site. Node labels represent percent SH-aLRT/ultrafast bootstrap support (left)
and percent bootstrap support (right) if below 100. Individuals are coloured according to

candidate species. Scale is substitutions per site.
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Supplementary Figure 5: Maximum likelihood (left) and quartet-based (right) phylogenies
inferred with IQ-TREE and SVDquartets, respectively, from a SNP set with 95% maximum
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Species delimitation and diagnosis (Supplementary Figs. 7 and 8)

The following sections detail delimitation results for each group of candidate species. A

summary of these results is given in Supplementary Table 1.

M. rufus (Geoffroy, 1834), M. berthae (Rasoloarison et al., 2000), M. myoxinus (Peters, 1852):

M. rufus and M. myoxinus are the earliest recognized Microcebus species after M. murinus
and were described based on differences in coloration and/or morphology'''2. M. berthae was
described from Kirindy Private Reserve (PR) due to differentiation in external morphological,
cranial and dental measurements (three individuals) as well as mtDNA (four individuals)
compared to other Microcebus species in western Madagascar®'3.

The three species occur allopatrically, with M. rufus inhabiting montane humid forests
on the east coast with two population strongholds in Ranomafana National Park (NP) and
Andringitra NP (Extended Data Fig. 2a). The other two species occur in the dry forests of
western Madagascar (M. berthae in Menabe Antimena Protected Area [PA]; M. myoxinus
between the rivers Tsiribihina and Betsiboka and inside Tsingy de Bemaraha NP).

Patterns of isolation-by-distance (IBD) in genomic data are inconclusive for delimitation
of the three candidates, as neither the intra- nor the interspecific model are clearly rejected
(Extended Data Fig. 2d; Supplementary Table 2). However, interspecific genetic distances are
slightly higher than intraspecific ones when considering similar geographic distances
(Extended Data Fig. 2d). Furthermore, our analyses indicate that the candidates are
reciprocally monophyletic (Extended Data Fig. 2b), present distinct genomic clusters
(Extended Data Fig. 2c) and have intermediate genealogical divergence indices (gdi)
(Extended Data Fig. 2e; Supplementary Table 3). Morphometric data are not concordant with
an intraspecific model of IBD and reveal major differentiation among candidates, with low
hypervolume overlap (Extended Data Fig. 2f, Supplementary Tables 4 and 5). Similarly,
climatic niche overlap (Schoener’s D) is particularly low and significantly different from a null
distribution (Extended Data Fig. 2g; Supplementary Table 6), as can be expected given the
disjunct distributions of the three taxa. We also observe a later onset of oestrus in female M.
berthae compared to M. myoxinus and M. rufus (Extended Data Fig. 2h), indicating that there
are sSupplementary Table differences in female seasonal reproductive activation between
these species. Since we do not find any evidence for ongoing gene flow between the three
candidates but detect differentiation in morphometry, climatic niche and reproductive activity,
our findings support the current taxonomic classification of the candidates as distinct species.
Notably, genetic samples are currently lacking for the northern part of the distribution of M.

rufus, which would shed further light on the low genetic differentiation between M. rufus and
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M. berthae (Extended Data Fig. 2de). It is unlikely, however, that additional sampling will
challenge our general conclusion given the clear differentiation of the three candidates across
multiple lines of evidence, our extensive sampling covering large parts of their known
distributions and the disjunct ranges of M. berthae and M. rufus (Extended Data Fig. 2a;
Supplementary Tables 13 to 16).

Based on our sampling and genetic analyses, we do not identify separate evolutionarily
significant units other than these candidates (Extended Data Fig. 2b). While all three species
occur in protected areas, these safeguards may not prevent them from extinction, as

suspected for M. berthae™.

M. lehilahytsara (Roos & Kappeler, 2005), M. mittermeieri (Louis et al., 2006):

The initial descriptions of these two candidates were based on the northern and southern
extreme points of their known combined distribution (Extended Data Fig. 3a). M. lehilahytsara
was described from Andasibe based on differentiation in the mitochondrial cytochrome b gene
of two individuals to other previously described Microcebus species'®. The description of M.
mittermeieri was based on molecular diagnosability in the mitochondrial D-loop region of six
individuals at Anjanaharibe-Sud Special Reserve (SR)2. However, at the time of description,
sequences of M. mittermeieri were not compared to M. lehilahytsara. The population genomics
and morphometric diversity of these two species have recently been studied using extensive
data at a wide range of sampling sites'®'®, providing convincing evidence that they are not
valid species but exhibit intraspecific geographic variation in genomic and morphological
diversity. Accordingly, these candidates should be considered a single species that is
distributed along the humid northeastern coast of Madagascar with differentiated populations
in isolated forest fragments of the central highlands. The southern and northern distributional
limits of this species are the rivers Mangoro and Bemarivo, respectively, making it the
Microcebus species with the second-largest distribution after M. murinus.

Our analyses support these findings, as patterns of genomic IBD between candidates
appear to be an extension of within-candidate patterns, in line with an intraspecific model of
diversification (Extended Data Fig. 3d, Supplementary Table 2). This is also supported by the
fact that M. mittermeieri is phylogenetically nested in M. lehilahytsara (Extended Data Fig. 3b),
with strong evidence for ongoing or recent gene flow among populations (Extended Data Fig.
3c) and particularly low gdi values (Extended Data Fig. 3e, Supplementary Table 3).
Furthermore, we find comparably high hypervolume overlap in morphometry (no significant
pattern of IBD is detected; Extended Data Fig. 3f, Supplementary Tables 4 and 5) and

intermediate to high overlap in climatic niches, not deviating significantly from the null
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distribution (Schoener's D; Extended Data Fig. 3g, Supplementary Table 6). Finally,
reproductive schedules indicate an overlap and provide no evidence for differentiation
(Extended Data Fig. 3h). However, average monthly sample size is low for M. mittermeieri
(n=5) and M. lehilahytsara (n=9) (Supplementary Table 16), and there may be variation in
reproductive activity among populations of the widely distributed species M. lehilahytsara due
to environmental plasticity'”'°.

The detailed population genomic analysis in Tiley et al.'® suggests that this taxon is
composed of at least six genetically differentiated, reciprocally monophyletic lineages that
deserve conservation attention, i.e., a northern humid forest lineage (previous M.
mittermeieri), two central humid forest lineages (at Ambavala/Madera and at Riamalandy SR,
respectively), a southern humid forest lineage (at Andasibe-Mantadia NP and Tsinjoarivo-
Ambalaomby New Protected Area [NPA]) and two Central Highland populations at Ankafobe
unprotected forest and Ambohitantely SR, respectively (Extended Data Fig. 3b; note that the

lineage at Ambohitantely SR is not represented due to low sample quality).

M. mamiratra (Andriantompohavana et al., 2006), M. margotmarshae (Louis et al., 2008), M.

sambiranensis (Rasoloarison et al., 2000):

M. sambiranensis was described from Manongarivo SR based on differentiation in external
morphological measurements (six individuals) and mtDNA (three individuals) to other
Microcebus species in western Madagascar'. The descriptions of M. mamiratra and M.
margotmarshae were based on molecular diagnosability in mitochondrial D-loop and PAST
sequence fragments of four and five individuals at Lokobe SR and Antafondro Classified
Forest SR, respectively, compared to previously described Microcebus species (including M.
sambiranensis)*>%.

The three candidates are distributed in dry deciduous and transitional forests of the
Sambirano region of northwestern Madagascar. Their distributions are separated by large
rivers: The Sambirano River separates M. mamiratra from M. margotmarshae, and the
Andranomalaza River separates M. margotmarshae from M. sambiranensis (Extended Data
Fig. 4a).

Patterns of IBD in genomic data are inconclusive for the delimitation of the three
candidates, as neither the intra- nor the interspecific model were clearly rejected (Extended
Data Fig. 4d, Supplementary Table 2). However, interspecific genetic distances are slightly
higher than intraspecific ones, when considering similar geographic distances (Extended Data
Fig. 4d). Furthermore, our analyses indicate that the candidates are reciprocally monophyletic

(Extended Data Fig. 4b) and form distinct genomic clusters (Extended Data Fig. 4c).
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Genealogical divergence is intermediate (Extended Data Fig. 4e, Supplementary Table 3).
While overlap in climatic niches (Schoener’s D) is high among the candidates and does not
deviate significantly from a null distribution (as can be expected given the proximity of their
distributions; Extended Data Fig. 4g, Supplementary Table 6), hypervolume overlap in
morphometry is particularly low and morphometric data are not concordant with an
intraspecific model of IBD (Extended Data Fig. 4f, Supplementary Tables 4 and 5). Data on
reproductive activity do not allow the detection of differences in reproductive schedules
between candidates because there is only limited overlap in assessed months and average
monthly sample sizes are low (M. margotmarshae: n=6, M. sambiranensis: n=5, and M.
mamiratra: n=7) (Extended Data Fig. 4h, Supplementary Table 16). Interestingly, however,
and in contrast to all other studied Microcebus species, the three candidates seem to lack
reproductive seasonality, as oestrous females were already found in late June (M. mamiratra)
or early August (M. margotmarshae), pregnant females were still observed in June (M.
mamiratra) or even early August (M. margotmarshae), and lactating females were still found
in June (M. sambiranensis) or July (M. mamiratra) which coincides with the lean season (= dry
season), typically regarded as unfavourable for rearing dependent lemur offspring. In
summary, the clear genomic diagnosability and the morphometric differentiation support the
current classification of the three candidates as distinct species. However, as our sampling
only covers part of the distributions of these candidates (Extended Data Fig. 4a;
Supplementary Tables 13 to 16), additional sampling, particularly at distributional margins, will
be necessary to rule out that our genetic and/or morphometric data fail to represent an existing
cline in character variation.

Based on our sampling, we identify at least two reciprocally monophyletic evolutionarily
significant units within M. mamiratra, corresponding to the mainland population, which occurs
in the Galoko Kalobinono NPA, and the population on Nosy Be, which occurs in the small
Lokobe NP (Extended Data Fig. 4b). Both M. margotmarshae and M. sambiranensis should
be considered a single evolutionarily significant unit, presumably occurring in the Manongarivo

SR and Sahamalaza-lle Radama NP, respectively.

M. arnholdi (Louis et al., 2008), M. sp. 1 (Sgarlata et al., 2019):

M. arnholdi was described at Montagne d’Ambre NP and SR based on molecular
diagnosability in mitochondrial D-loop and PAST sequence fragments of ten individuals
compared to previously described Microcebus species®. It is a microendemic species
restricted to these regions and the neighbouring forest fragment Antsoroby. The supposed

presence of a putative new species (M. sp. 1) about 140 km south-east of M. d’Ambre,
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between the rivers Bemarivo and Manambato, has been suggested by Sgarlata et al.?'
(Extended Data Fig. 5a). The gap between the two distributions appears to be real and not
due to sampling since the majority of forest fragments has been sampled across northern
Madagascar. Species delimitation tests performed in Sgarlata et al. between M. arnholdi and
M. sp. 1 were based on two mitochondrial loci. Here, we show that the original delimitation
defined in Sgarlata et al. is not supported by nuclear genomic data. Instead, phylogenetic
inference identified major genomic differentiation between northern and southern M. arnholdi
populations (Extended Data Fig. 5b), which is why we decided to carry out species delimitation
tests by classifying the northern populations as M. arnholdi and the southern populations as
M. sp. 1. Note, therefore, that the geographic definition of M. sp. 1 used herein is different from
the one used in Sgarlata et al.

Patterns of genomic IBD between the candidate pair appear to be an extension of
within-candidate patterns, in line with an intraspecific model of diversification (Extended Data
Fig. 5d; Supplementary Table 2). While our analyses indicate that the two candidates are
reciprocally monophyletic (Extended Data Fig. 5b), they do not form distinct genomic clusters,
showing admixed ancestry for individuals sampled in Binara Forest (Extended Data Fig. 5c).
The genealogical divergence index is inconclusive to delimit this candidate pair, although
relatively small (Extended Data Fig. 5e, Supplementary Table 3). Hypervolume overlap in
morphometry is high, and patterns of morphometric IBD are continuous, supporting an
intraspecific model as well (Extended Data Fig. 5f, Supplementary Tables 4 and 5). Climatic
niche overlap (Schoener’s D) is comparably low and does not deviate significantly from a null
distribution (Extended Data Fig. 5g; Supplementary Table 6), which can be explained by the
relatively large spatial distribution of the two candidates at different elevations. Data on
reproductive activity are too limited to draw conclusions (average monthly sample size of three
for M. arnholdi and eight for M. sp. 1; Extended Data Fig. 5h; Supplementary Table 16). In
summary, patterns of IBD in genomic and morphometric data, which are supported by
admixed ancestry, indicate that M. sp. 1 does not represent a distinct species but should be
synonymised under M. arnholdi. Given that our sampling covers the two candidates’ known
distributions and their margins extensively (Extended Data Fig. 5a; Supplementary Tables 13
to 16), it is unlikely that additional sampling will challenge this conclusion.

Based on our sampling, we identify at least four reciprocally monophyletic
evolutionarily significant units in this group, corresponding to the Binara population (within the
Loky-Manambato Protected Harmonious Landscape), the Montagne d’Ambre and Antsoroby
populations (the former within the Montagne dAmbre NP), the southern
Analalava/Bezavona/Salafaina/Ambohitandrina populations (occurring in non-protected
areas) and the central populations inhabiting part of the Corridor of Marojejy-Anjanaharibe
Sud-Tsaratanana Nord (COMATSA Nord PA) (Extended Data Fig. 5b).
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M. boraha (Hotaling et al., 2016), M. simmonsi (Louis et al., 2006):

M. simmonsi was described based on molecular diagnosability in the mitochondrial D-loop
region of nine individuals at Betampona SR and Zahamena NP2. It occurs in lowland humid
forests of Madagascar’s east coast between the Anove River in the north and the Ivondro
River in the south. M. boraha is confined to its type locality on ile Ste. Marie (Nosy Boraha;
Extended Data Fig. 6a) and was described due to monophyly (inferred from two mitochondrial
loci), distinct clustering (inferred from four nuclear loci) and multispecies coalescent (MSC)-
based species delimitation analyses (using both mitochondrial and nuclear loci)?2. Notably, the
MSC is known to confound population structure with speciation?*24, and these analyses only
included M. simmonsi individuals from Tampolo but not from the northern parts of its
distribution.

Patterns of IBD in genomic data are inconclusive for delimitation of the candidate pair,
as neither the intra- nor the interspecific model are clearly rejected (Extended Data Fig. 6d;
Supplementary Table 2). However, genetic distances between individuals of the two
candidates are lower than those found among M. simmonsi individuals alone when
considering similar geographic distances (Extended Data Fig. 6d). Furthermore, our analyses
indicate that the two candidates are not reciprocally monophyletic, as M. boraha and a M.
simmonsi lineage north of the Simianona River form a clade that is sister to the remaining M.
simmonsi (Extended Data Fig. 6b). This is also supported by the clustering analysis (Extended
Data Fig. 6¢). The gdi is intermediate for this candidate pair (Extended Data Fig. 6e,
Supplementary Table 3). Because comprehensive morphometric, climatic and reproductive
activity data are lacking for M. boraha (Supplementary Fig. 22bcd; Supplementary Tables 13
to 16), these lines of evidence can not be integrated. In summary, however, genomic analyses
provide sufficient evidence to synonymise M. boraha under M. simmonsi. Notably, we naively
labelled individuals at Ambodiriana as M. simmonsi, following Poelstra et al.®. If these are
labelled as M. boraha instead (as indicated by phylogenetic inference), we no longer observe
a lack of reciprocal monophyly and mixed clusters (Extended Data Fig. 6bc). However, we still
find a relatively continuous IBD pattern (indicated by the point cloud in Extended Data Fig. 6d,
bottom), and there is only a comparably small number of substitutions separating the two
candidates in the phylogeny (Extended Data Fig. 6b). Given that the genomic differentiation,
although detectable, is low and not supported by differentiation in any other trait (albeit this is
due to lack of data) and we lack sampling between Ambodiriana and southern M. simmonsi
populations to test for clinal variation (Extended Data Fig. 6a), we suggest synonymising M.
boraha in this case as well until more evidence becomes available. We come to this conclusion
despite the limited data because we aim to consistently delimit species across the entire genus

Microcebus, using a conservative approach in the sense that we do not reject a single-species
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null hypothesis until there is convincing evidence for differentiation (i.e., genomic data and
additional lines of evidence). In any case, the sampling gap between the rivers Simianona and
Maningory (Extended Data Fig. 6a) needs to be addressed to ultimately clarify the taxonomic
relationship of the two candidates.

Based on our sampling, we identify at least three genetically differentiated, reciprocally
monophyletic evolutionarily significant units in this group, i.e., a northern M. simmonsi lineage
between the rivers Anove and Simianona, a southern M. simmonsi lineage between the rivers
Ivondro and Maningory and the population on ile St. Marie (corresponding to M. boraha)
(Extended Data Fig. 6b). Only one of these units (i.e., the southern M. simmonsi lineage)
occurs in protected areas, i.e., Zahamena NP and Betampona Special Nature Reserve (SNR).

The distributions of the other two are not protected to date.

M. jollyae (Louis et al., 2006), M. marohita (Rasoloarison et al., 2013), M. gerpi (Radespiel et
al., 2012):

M. jollyae was described based on molecular diagnosability in the mitochondrial D-loop region
of three individuals at Kianjavato and Mananjary?. Similarly, the description of M. gerpi is
based on molecular diagnosability in two mitochondrial loci (COIl and D-loop) of 14 individuals
at Sahafina Forest compared to previously described Microcebus species (including M.
jollyae)?®. Notably, the authors also found that M. gerpi individuals (n = 7) had significantly
longer tails than M. jollyae. Finally, M. marohita was described from three individuals at
Marohita Forest (District de Marolambo) due to monophyly (inferred from two mitochondrial
and four nuclear loci) and distinct clustering (inferred from four nuclear loci)*?®. These
analyses included M. jollyae but not M. gerpi.

The three candidates are all microendemics of the lowland humid forests of
Madagascar’s east coast, with disjunct distributions that are separated by large rivers. The
distribution and population genomics of M. gerpi have recently been explored in detail?”-?8, It
occurs between the Ivondro River in the north and the Mangoro River in the south, while being
restricted by an elevational limit at around 600 m above sea level. In contrast, M. marohita
and M. jollyae are only poorly sampled, with potential distributional limits presented by the
rivers Mangoro and Manapatrana/Mananara, respectively. Accordingly, our sampling covers
the entire distribution of M. gerpi but only includes two and one samples of M. jollyae and M.
marohita, respectively (Extended Data Fig. 7a; Supplementary Tables 13 to 16).

Patterns of IBD in genomic data clearly support an interspecific model when comparing
M. gerpi and M. jollyae (Extended Data Fig. 7d, Supplementary Table 2). For M. marohita, the

statistical test could not be conducted due to limited sampling (Supplementary Table 13), but
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pairwise genetic distance between M. jollyae and M. marohita individuals are lower than those
observed among M. gerpi individuals alone (Extended Data Fig. 7d). In line with van Elst et
al.?8, our analyses further indicate that the three candidates are reciprocally monophyletic
(Extended Data Fig. 7b) and form distinct genomic clusters (Extended Data Fig. 7c). Notably,
population structure within M. gerpi is prioritised in admixture analysis when assuming three
clusters (K = 3; Extended Data Fig. 7c). Moreover, gdi values between all species pairs are
particularly high (Extended Data Fig. 7e, Supplementary Table 3). Hypervolume overlap in
morphometry and overlap in climatic niches (Schoener's D) could not be quantified with
respect to M. marohita due to limited sampling (Supplementary Tables 14 and 15). However,
we observe low overlap in morphometry between M. gerpi and M. jollyae (Extended Data Fig.
7f; Supplementary Table 4). Corresponding patterns of IBD are inconclusive for species
delimitation (Supplementary Table 5). Conversely, overlap in climatic niches is high and does
not differ significantly from a null distribution (Extended Data Fig. 7g, Supplementary Table 6),
which can be explained by the proximity of distributions that appear to be separated only by
riverine barriers. Data on reproductive activity are limited (average monthly sample size of 3
for both M. gerpi and M. jollyae, respectively; Supplementary Table 16) but indicate an overlap
between the two species as well (Extended Data Fig. 7h). Patterns of IBD, genomic
diagnosability and morphometric differentiation support the classification of M. gerpi as a
separate species from M. jollyae. Conversely, we advocate synonymising M. marohita under
M. jollyae until more comprehensive sampling, which is urgently required, becomes available
given that (1) both species were only described from a single locality each, (2) admixture and
genomic IBD analyses suggest lower differentiation between M. marohita and M. jollyae than
within M. gerpi, and (3) we currently have no evidence for differentiation in any other trait,
albeit this is due to lack of data. We come to this conclusion despite the limited data because
we aim to consistently delimit species across the entire genus Microcebus, using a
conservative approach in the sense that we do not reject a single-species null hypothesis until
there is convincing evidence for differentiation (i.e., genomic data and additional lines of
evidence). Our conclusion to treat M. gerpi as a separate species most likely also holds when
comparing it to a candidate comprised of M. jollyae and M. marohita individuals of this study
(i.e., after synonymising them) given that genetic distances plotted against geographic
distances between individuals of M. gerpi and M. jollyae or M. marohita form a single point
cloud (Extended Data Fig. 7d, bottom) and that data for M. marohita are very limited anyway.
It is worthy of note that the genomic analysis of van Elst et al. found particularly high genomic
differentiation between M. gerpi populations north and south of the Rianila River. However,
preliminary investigations (Schifller, Rakotondravony, Radespiel, unpubl. data) did not find
any significant differentiation in morphometry or climatic niches between these two lineages,

which is why we do not consider them distinct species.
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The detailed population genomic analysis in van Elst et al. suggests that M. gerpi is
comprised of at least four differentiated, reciprocally monophyletic evolutionarily significant
units, namely a northern lineage at Sahamamy/Anjahamana//Andobo, a central lineage at
Vohiposa/Sahafina and two southern lineages at Ambodisakoana and Antanambao,
respectively (Extended Data Fig. 7b). Due to the limited sampling, M. jollyae and M. marohita
have to be each considered a single evolutionarily significant unit until more comprehensive
studies are available. At present, M. gerpi occurs in the Sahafina NPA but none of the other

units occur in formally protected areas.

M. macarthurii (Radespiel et al., 2008), M. jonahi (Schifler et al., 2020):

M. macarthurii was described from three individuals at Anjiahely based on molecular
diagnosability in three mitochondrial loci compared to previously described Microcebus
species?. The description of M. jonahi was based on morphometric and genomic species
delimitation analyses performed specifically in comparison with M. macarthurii and using
extensive sampling of both species'®'".

The two candidates occur allopatrically in the humid forests of northeastern
Madagascar (Extended Data Fig. 8a). Their distributions are likely separated by the Rantabe
River. While M. macarthurii occurs north of it up to the Antainambalana River, M. jonahi is
distributed along its southern shore down to the Anove River. Notably, however, the species
of Microcebus individuals occurring between the rivers Rantabe and Voloina has not been
identified by molecular data so far.

Patterns of IBD in genomic data are inconclusive for delimitation as neither the intra-
nor the interspecific model are clearly rejected, but genetic distances between candidates
appear to be higher than those within, when considering similar geographic distances
(Extended Data Fig. 8d; Supplementary Table 2). Furthermore, our results confirm that the
two candidates are reciprocally monophyletic (Extended Data Fig. 8b), form distinct genomic
clusters (Extended Data Fig. 8c) and have intermediate to high gdi (Extended Data Fig. 8e,
Supplementary Table 3). As already indicated by SchiiRler et al.'”, hypervolume overlap in
morphometry is comparably low (no significant pattern of IBD is detected; Extended Data Fig.
8f; Supplementary Tables 4 and 5). Overlap in climatic niches (Schoener’s D) is intermediate
and deviates significantly from a null distribution (Extended Data Fig. 8g; Supplementary Table
6), which can be explained by the proximity of species distributions, which are separated only
by a single river. The reproductive schedules of both species seem to be synchronous and
there is no evidence for differentiation (Extended Data Fig. 8h; see also SchuRler et al.), but

the underlying average monthly sample sizes are low (M. jonahi: n=12; M. macarthurii: n=5;
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Supplementary Table 16). The genomic diagnosability and morphometric differentiation
support the current classification of M. macarthurii and M. jonahi as distinct species. However,
further data are needed to ultimately exclude the possibility that the two candidates represent
lineages on opposite ends of a genetic cline since M. macarthurii has only been sampled from
a single locality to date (Extended Data Fig. 8a).

Based on our sampling, genomic analyses do not indicate the presence of
differentiated lineages and therefore separate evolutionarily significant units within the two
species, which is consistent with Poelstra et al.’® (Extended Data Fig. 8b). We therefore
suggest treating each species as a single unit until more data become available. Both species
currently occur in protected areas (M. macarthurii in Makira Natural Park; M. jonahi in Makira
Natural Park and Mananara Nord NP).

M. manitatra (Hotaling et al., 2016), M. ganzhorni (Hotaling et al., 2016), M. murinus (Miller,
1777):

M. murinus is the earliest recognized Microcebus species®®. M. ganzhorni and M. manitatra
were described from previously considered M. murinus populations at Mandena and
Bemanasy Forest, respectively, due to monophyly (inferred from two mitochondrial loci),
distinct clustering (inferred from four nuclear loci) and MSC-based species delimitation
analyses (using both mitochondrial and nuclear loci)?2. Notably, the MSC is known to confound
population structure with speciation?324,

M. murinus is the most widely distributed species in the entire genus, occurring in dry,
gallery and, to some extent, spiny forests along Madagascar’'s west coast between the Sofia
River in the northwest and the Mandena region around Fort Dauphin in the south. Due to the
wide distribution of M. murinus, we split it into three candidates corresponding to samples
north of the Manambaho River (northern lineage), between the rivers Tsiribihina and Onilahy
(central lineage) and east of the Mandrare River (southern lineage; Extended Data Fig. 9a).
However, genomic data for the southern lineage are restricted to few low-quality samples
(Supplementary Tables 13 and 18), which is why most delimitation analyses were only
conducted for the northern and central lineages. Notably, these lineages are separated by a
wide sampling gap (Extended Data Fig. 9a; Supplementary Table 15) with no confirmed
sightings of M. murinus'3, which may indicate an actual distributional gap. M. manitatra and
M. ganzhorni are both microendemics in the southern part of the range of M. murinus
(Extended Data Fig. 9a).

When treating M. murinus (north) and M. murinus (central) as separate candidates,

patterns of IBD in genomic data are mostly inconclusive for delimitation (Extended Data Fig.
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9d; Supplementary Table 2). Notably, however, treating M. murinus (north) and M. murinus
(central) together as a single candidate supports a synonymisation of M. manitatra and M.
ganzhorniunder M. murinus (Supplementary Table 2). Furthermore, our analyses indicate that
none of the four candidates are reciprocally monophyletic (Extended Data Fig. 9b), as M.
ganzhorni is nested within M. manitatra, and both are nested within M. murinus (central).
Together, the three candidates form the sister clade to M. murinus (north). While assuming
two clusters (K = 2) suggests admixed ancestry between M. murinus (central) and M. murinus
(north), additional signatures of gene flow are detected between M. murinus (central), M.
murinus (south) and M. manitatra as well as between M. ganzhorni and M. manitatra, when
setting the number of clusters to three (K = 3) and four (K = 4), respectively (Extended Data
Fig. 9c). In accordance with these findings, the gdi is particularly low between M. manitatra
and M. ganzhorni (Extended Data Fig. 9e, Supplementary Table 3). Interestingly, however, in
other comparisons, gdi calculated from 6 of M. murinus (north), M. manitatra and M. ganzhorni
are comparably high (Supplementary Table 3), which can result from inbreeding reducing the
effective population size (and 6), thus biasing the gdi upwards. While hypervolume overlap in
morphometry is comparably high between M. murinus lineages (Extended Data Fig. 9f,
Supplementary Table 4), overlap in climatic niches (Schoener’s D) is low to intermediate and
differs significantly from a null distribution (as can be expected given the wide distribution of
M. murinus; Extended Data Fig. 9g, Supplementary Table 6). Estimates with respect to M.
manitatra and M. ganzhorni are not available due to the very limited data (Supplementary
Tables 14 and 15). Reproductive data are available for M. murinus (central) and M. murinus
(north), indicating that females enter oestrus about 1 — 2 months earlier in the northern than
in the central clade (Extended Data Fig. 9h). This discrepancy can likely be explained by
differences in day length dynamics and seasonal climatic changes'®. For M. manitatra and M.
ganzhorni, reproductive data are mostly lacking (Supplementary Table S16). Finally,
advertisement calls of the three candidates M. murinus (north), M. murinus (central) and M.
ganzhorni show similar contours of the fundamental frequency in comparison to other
Microcebus species (Supplementary Fig. 7)3'32. Whereas all advertisement calls of these
candidates are characterised by an initial modulation followed by several up and down
modulated syllables, calls of M. ravelobensis®', M. lehilahytsara®', M. mamiratra® and M.
margotmarshae (unpublished data), for instance, consist only of one to three modulated
syllables. Hypervolume overlap in acoustic profiles was lowest between M. murinus (north)
and M. ganzhorni (Supplementary Table 25). M. murinus (central), however, showed similar
levels of overlap to M. murinus (north) and M. ganzhorni, suggesting a gradient from north to
south which is consistent with a single-species hypothesis for this candidate group. In

summary, patterns of IBD supported by the phylogenetic nestedness of M. manitatra and M.
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ganzhorni within M. murinus and the apparent gene flow strongly suggest synonymising the
two candidates under M. murinus.

It is worthy of note that the deepest split in the phylogeny of this clade can be found
between northern M. murinus and the central lineage plus M. ganzhorni and M. manitatra,
raising the question whether these deserve separate species status. Although our IBD based
test is inconclusive to delimit these lineages, the plot of geographic against genetic distances
reveals a relatively continuous pattern of IBD when considering comparisons within M.
murinus (central), within M. murinus (north) and between the central and northern lineage
(Extended Data Fig. 9d), indicating that genetic distances can be explained by geographic
distribution rather than speciation. This is also supported by admixed ancestry of Bombetoka
individuals at K = 2 (Extended Data Fig. 9¢), small branch lengths separating the central from
the northern lineage (compared to the number of substitutions present within the
central/southern clade; Extended Data Fig. 9b), and the potential sampling gap between the
distributions of the two lineages. Finally, overlap in morphometry and acoustic profiles is high,
and the observed differences in climatic space and reproductive activity mentioned above can
likely be explained by the large distribution of this species, covering almost the entire north-
south axis of Madagascar (Extended Data Fig. 9b). Comparing individuals from the northern
end and the more southern part of this distribution inevitably results in the detection of
differences in climatic space and potentially reproductive activity (which can be affected by
climate). Accordingly, our findings do not support a classification as distinct species. Additional
sampling will definitely help further characterising genetic structure and variation in traits such
as morphometry, reproductive activity or acoustic communication within M. murinus. However,
it is unlikely to challenge our conclusion regarding its taxonomy given the clear evidence for
gene flow across its range and because our geographically informed approaches alleviate the
effect of uneven and/or sparse sampling.

Based on our sampling, genomic analyses identify at least four differentiated,
reciprocally monophyletic evolutionarily significant units in this group, corresponding to a
northern M. murinus lineage between the rivers Sofia and Betsiboka, a northern lineage south
of the Betsiboka stretching towards the Tsingy de Namoroka, the central lineage around
Menabe-Antimena NP and the southern lineage around Fort Dauphin which includes the
candidates M. manitatra and M. ganzhorni (Extended Data Fig. 9b). While the former three
units all occur in protected areas (Ankarafantsika NP, Tsingy de Namoroka NP and Menabe-
Antimena NP, respectively), the southern lineage is only protected in the small Mandena

Conservation Zone.
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M. ravelobensis (Zimmermann et al., 1998), M. bongolavensis (Olivieri et al., 2007), M.
danfossi (Olivieri et al., 2007):

M. ravelobensis was described from Ampijoroa in central eastern Madagascar based on
morphometric differentiation of 27 individuals to sympatric M. murinus®®. The descriptions of
M. bongolavensis and M. danfossi were based on minor differentiation in morphometry as well
as molecular diagnosability in two mitochondrial loci (COIl and cytochrome b) of three and
seven individuals at Ambodimahabibo and Ambarijeby (Province of Mahajanga), respectively,
compared to the other two species in this group3-.

The three candidates are distributed in the dry deciduous forests of northwestern
Madagascar, separated by the two large rivers Mahajamba (M. ravelobensis - M.
bongolavensis) and Sofia (M. bongolavensis - M. danfossi) (Extended Data Fig. 10a).

We find a clear rejection of a single-species model in analyses of genomic IBD when
comparing M. danfossi with the other two candidates but inconclusive results for the
comparison of M. bongolavensis and M. ravelobensis (Extended Data Fig. 10d,
Supplementary Table 2). Moreover, the three candidates are reciprocally monophyletic (with
comparably short branch lengths between M. ravelobensis and M. bongolavensis though;
Extended Data Fig. 10b) and form distinct clusters (Extended Data Fig. 10c). While the gdi is
high when considering M. danfossi, it is intermediate between M. bongolavensis and M.
ravelobensis (Extended Data Fig. 10e, Supplementary Table 3). The low but
detecSupplementary Table genomic differentiation between the latter two candidates is not
supported by other lines of evidence: Hypervolume overlap in morphometry and overlap in
climatic niches (Schoener’s D) are high or intermediate to high, respectively (Extended Data
Fig. 10fg; Supplementary Tables 4 and 6), and morphometric patterns of IBD are continuous
and therefore concordant with an intraspecific model (Supplementary Tables 1 and 5). In
addition, using extensive sampling we do not detect any differentiation in reproductive
schedules but a synchronous activation of reproductive activity of M. bongolavensis and M.
ravelobensis (Extended Data Fig. 10h). More specifically, enlarged testes can be observed in
both species starting around July, and although our sampling does not cover months prior to
this for M. bongolavensis (in contrast to M. ravelobensis), the absence of regressed testes in
both species starting approximately in September further supports the hypothesis that
reproductive activity in males begins around the same time. Similarly, the appearance of
female oestrus and pregnancy seems to be synchronous for the two candidates. In contrast,
M. danfossi appears to start reproductive activity several months earlier (i.e., earlier
pregnancies and testes growth; Extended Data Fig. 10h; see also Rina Evasoa et al.™).
Finally, hypervolumes of acoustic profiles of alert calls are largely overlapping as well

(Supplementary Fig. 7d, Supplementary Table 25), which is further supported by the
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sonograms showing a more similar contour of the fundamental frequency between M.
ravelobensis and M. bongolavensis in comparison to M. danfossi (Supplementary Fig. 7c; see
also Hasiniaina et al.*?). In summary, these results suggest synonymising M. bongolavensis
under M. ravelobensis as the genomic differentiation, although detecSupplementary Table, is
not supported by other taxonomic characters, while confirming the classification of M. danfossi
as a distinct species due to a rejection of an intraspecific pattern of genomic IBD. This
conclusion most likely also holds when comparing M. danfossi to a candidate comprising both
M. bongolavensis and M. ravelobensis individuals of this study (i.e., after synonymising them)
given that the NRMSE patterns obtained when comparing M. danfossi separately to the two
other candidates are largely congruent (Extended Data Fig. 10d, top), with a single shared
point cloud in the plot of geographic and genetic distances (Extended Data Fig. 10d, bottom).
Because our sampling largely covers the known distributions of the candidates including their
margins (Extended Data Fig. 10a; Supplementary Tables 13 to 16), it is unlikely that additional
sampling will challenge our conclusion regarding their taxonomy.

Notably, delimiting M. bongolavensis and M. ravelobensis is a particularly difficult case
as it mirrors the dispute around different species concepts. That is, the two candidates appear
to be genomically diagnosable, but genomic differentiation is low and not supported by other
taxonomic characters. They likely represent diverging lineages at an intermediate point along
the speciation continuum (i.e., “in the process of speciation”). Here, we argue to synonymise
them due to the lack of differentiation in additional taxonomic characters, and because we aim
to consistently delimit species across the entire genus Microcebus.

We propose to treat each candidate as a separate evolutionarily significant unit
(Extended Data Fig. 10b). While M. ravelobensis occurs in Ankarafantsika NP (sympatrically
with M. murinus), M. bongolavensis can only be found in the Bongolava Forest Corridor, which
does not seem to offer any protection from logging®. Similarly, M. danfossi occurs in no
formally protected area except the Bora SR, which is severely threatened by habitat

degradation that likely already led to the local extirpation of Propithecus tattersalli®’.
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Supplementary Figure 7: Call comparisons in two Microcebus candidate groups.
Spectrograms of advertisement calls (Trill) of two exemplary individuals (subjects) (a) and
PCA of n-dimensional hypervolumes constructed from acoustic parameters (Supplementary
Table S24) (b) among the candidates M. murinus (north), M. murinus (central) and M.
ganzhorni. Spectrograms of alert calls (Tsak) of two exemplary individuals (subjects) (¢) and
PCA of n-dimensional hypervolumes constructed from acoustic parameters (Supplementary
Table 24) (d) among the candidates M. ravelobensis, M. bongolavensis and M. danfossi.

Singletons: M. tanosi (Rasoloarison et al., 2013), M. tavaratra (Rasoloarison et al., 2000), M.

griseorufus (Kollman, 1910):

The three species M. griseorufus, M. tanosi and M. tavaratra are not part of any previously
covered candidate group. M. griseorufus was intially described based on morphology as a
subspecies of what is now considered M. murinus®®. It was raised to a full species due to
differentiation in external morphological, cranial and dental measurements (six individuals) as

well as mtDNA (two individuals) compared to other Microcebus species in western
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Madagascar®'®. Similarly, M. tavaratra was described from Ankarana SR based on
differentiation in external morphological, cranial and dental measurements (five individuals)
as well as mtDNA (two individuals)'®. Finally, M. tanosi was described from ten individuals at
the forests of Manantantely and Ivorona (District de Taolagnaro) due to monophyly (inferred
from two mitochondrial and four nuclear loci) and distinct clustering (inferred from four nuclear
loci)*2.

M. griseorufus occurs in the most arid parts of the island, the spiny thickets of
southwestern Madagascar. M. tanosi may have a rather high ecological capacity, occurring
from the transitional lowland forests of southeastern Madagascar to the highland humid forests
of Midongy du Sud NP. M. tavaratra is a species of the dry deciduous forests of the northern
tip of Madagascar, occurring in the distributional gap of M. arnholdi. Sampling maps and
climatic niche models are given in Supplementary Fig. 8.

Each of the three species is separated from its sister clades by comparably long
branches. The status of M. tanosi and M. tavaratra as distinct species follows from delimitation
decisions within their sister clades (see above). In the case of M. griseorufus, the relatively
large genetic distance to M. murinus and the formation of a contact zone in which no gene
flow can be found® provides strong evidence for its status as a separate species. Based on
our sampling, phylogenetic analysis does not indicate the presence of distinct phylogenetic
clusters within M. griseorufus or M. tanosi that could serve as further candidates for species
delimitation. Accordingly, we suggest treating these species as single evolutionarily significant
units each. Notably, our genomic data only covers the southern parts of their distributions
(Supplementary Fig. 8a, Supplementary Table 13), and additional sampling may reveal further
structure in these species. In M. tavaratra, a major split is observed between the two samples
in the forest fragments of Analafiana (the most southern location within its distribution) and the
remaining individuals (Supplementary Figs. 1 to 5). We therefore suggest treating the
Analafiana population as a separate evolutionarily significant unit compared to the other
sampled individuals (see also Salmona*?). All species can be found in National Parks or other
protected areas (e.g., M. griseorufus: Tsimanampetsotsa NP, Beza Mahafaly SR, Berenty PR;
M. tanosi: Andohahela NP, Midongy du Sud NP; M. tavaratra: Ankarana SR, Analamerana
SR).
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Supplementary Figure 8: Sampling (a) and climatic niche models (b) of M. griseorufus, M.
tanosi and M. tavaratra.

Divergence time estimation (Supplementary Figs. 9 to 14)

We inferred divergence times under a MSC model in BPP, averaging four independent runs
of 900,000 generations with a burn-in of 100,000. Convergence of chains was reached for
most nodes as indicated by effective sample sizes (ESS) larger than 200 and by median node
heights (Supplementary Figs. 9 to 12). Only some of the deeper nodes in the phylogeny with
relatively short associated branch lengths (e.g., nodes o, p, h and j) did not reach convergence
across all chains with respect to t and/or 6 parameters (Supplementary Figs. 10 to 12).

We converted 7 to absolute time using both point estimates of mutation rate and
generation time and distributions with point estimates as means (Supplementary Figs. 13 and
14; Supplementary Table 7). While conversion with point estimates resulted in small 95%
highest posterior density (HPD) distributions, indicating good convergence of chains,
accounting for uncertainty in calibrations led to relatively large 95% HPD distributions. The
estimation of population sizes from 6 parameters is not the focus of this study and was
therefore not conducted.

Our findings suggest that the genus Microcebus started diversifying about 1.5 million
years (Ma) ago during the mid-Pleistocene (Supplementary Figs. 13 and 14) which is
supported by other MSC studies (i.e., < 2 Ma ago)®'6'828 put much younger than fossil-
calibration based estimates (i.e., ~8 — 10 Ma ago)”%*'2. The tendency of the latter to inflate
divergence times by not accounting for discordant genealogical histories*®, dating sequence
divergence instead of speciation events**45 and using external, phylogenetically distant fossil
calibrations*® has been discussed before. Particularly the latter has been common practice to

date lemur divergences due to the lack of fossils. Notably, our approach may have
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underestimated divergence times by not modelling gene flow after divergence*=°, but it is
unlikely that accounting for this would shift the general timing of diversification outside the
Pleistocene.

To conclude, our estimates, accounting for the uncertainties as detailed above,
suggest that the diversification of the genus Microcebus has taken place during the climatically
fluctuating conditions of the Pleistocene (i.e., periodic glaciation events and interglacials). As
Microcebus species, like most other lemurs, are arboreal primates, they largely depend on
closed-canopy forest ecosystems, which have likely been widespread at warmer and wetter
periods of time (i.e., interglacials and transition times), but periodically shifted towards more
open savannah-like or grassy ecosystems during colder and more arid times (glacial
maxima)®®5!. As a result, lineages were likely forced to follow forested habitats to higher
elevations or to humid refugia®®%3, which has recently been empirically exemplified for M.

gerpi, a lowland humid forest microendemic?®.

Log likelihood
-5,019,000 -

-5,020,000 -

-5,021,000 -

-5,022,000 -

-5,023,000 -

-5,024,000 -

-5,025,000 -

Supplementary Figure 9: Posterior distributions of log likelihood across four BPP chains
run for one million generations with a burn-in of 20%.
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Supplementary Figure 12: Posterior distributions of 8 parameters (nodes) across four BPP
chains run for one million generations with a burn-in of 20%. Node letters correspond to Fig.
2b. Combined node heights of chains 1 and 2 were compared to those of chains 3 and 4 for

all 8 parameters (Supplementary Figs. 11 and 12) to check convergence.
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Supplementary Figure 13: Divergence times among Microcebus species estimated through
a coalescent model in BPP, where the conversion of 7 to absolute time was based on a
mutation rate of 1.236 x 102 per site per generation and a generation time of 3.5 years. Red
bars indicate 95% highest posterior density distributions. Divergence times among
synonymised species are not reported. Nodes are labelled by lower case letters for reference
in other analyses.
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Biogeographic reconstruction and diversification rate analysis (Supplementary Figs.
15 to 17)

We reconstructed ancestral habitats along the Microcebus phylogeny using trait-dependent
dispersal models (DEC, BAYAREALIKE, DIVALIKE) with and without jump dispersal (+J) and
three different classification schemes (dry vs. humid forest, five major ecoregions as in Yoder
et al.8, and the KOppen-Geiger climate classification®*). Models with jump dispersal generally
performed better than those without (Supplementary Table 8). Following a classification into
dry and humid forests, all models suggest that the divergence of these two habitat types
(largely analogous to a west vs. east divide, respectively) coincides with the earliest split in
the phylogeny (best model: DIVALIKE+J; Supplementary Fig. 15). At least two secondary
reversions to dry forests occurred in the humid clade (i.e., M. berthae, M. myoxinus, M.
tavaratra). We used the GeoSSE model*® as implemented in the R package ‘diversitree’ v0.9-
16°° to examine the effect of habitat type (humid vs. dry) on speciation rates, following Everson
et al.®’. While the best model indicates that humid habitats are associated with higher
speciation rates, an equal rates model receives similar support (AAIC = 0.19). Accordingly,
our data do not provide evidence for a difference in speciation rates associated with habitat
type. Testing this hypothesis is likely hampered by the small phylogenetic scale considered
here®®. The most basal split between humid and dry environments is also recovered by the
classification into five ecoregions according, while highlighting the dispersal of M. berthae, M.
mamiratra, M. margotmarshae and M. griseorufus to more specialised ecoregions, i.e., the
succulent woodlands, woodland/grassland mosaics and arid spiny bush, respectively (best
model: DEC+J; Supplementary Fig. 16). This is also the case for the Koppen-Geiger
classification which further differentiated between different tropical, dry, and temperate
environments (best model: DEC+J; Supplementary Fig. 17). All three classifications suggest
that the ancestral habitat of the genus Microcebus spanned both the dry habitats on the west
coast and the humid habitats of the east coast of Madagascar, which is doubtful given the
large number of microendemics in the genus and the considerably different climatic regimes
of these regions. Ultimately, a comprehensive phylogeny that includes other cheirogaleid taxa
and their habitat preferences (i.e., Allocebus trichotis, Cheirogaleus spp., Mirza spp., Phaner

spp.) will be necessary to resolve this question.
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Supplementary Figure 15: Ancestral biogeographic regions of Microcebus lineages (D: dry,
H: humid), estimated with BioGeoBears under the following models: DEC (a), DEC+J (b),
DIVA-like (c), DIVA-like+dJ (d), BAYAREA-like (e), BAYAREA-like+J (f). Node letters indicate
the most likely region. Multiple abbreviations at a single node refer to the combined region
(e.g., DH: dry and humid). The best fitting model is indicated by an asterisk. Model details are
given in Supplementary Table 8.
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Supplementary Figure 16: Ancestral biogeographic regions of Microcebus lineages (A: arid
spiny bush, D: dry deciduous forest, G: grassland/woodland mosaic, H: evergreen rainforest,
S: succulent woodlands; see Yoder et al.®), estimated with BioGeoBears under the following
models: DEC (a), DEC+J (b), DIVA-like (c), DIVA-like+J (d), BAYAREA-like (e), BAYAREA-
like+d (f). Node letters indicate the most likely region. Multiple abbreviations at a single node
refer to the combined region (e.g., DH: dry deciduous forest and evergreen rainforest). The
best fitting model is indicated by an asterisk. Model details are given in Supplementary Table
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Supplementary Figure 17: Ancestral biogeographic regions of Microcebus lineages following
the Koppen-Geiger climate classification (Af: tropical (rainforest), Am: tropical (monsoon), Aw:
tropical (savannah, dry winter), BSh: dry (semi-arid or steppe, hot), Cf: temperate (no dry
season), Cw: temperate (dry winter); see Beck et al., 2018%), estimated with BioGeoBears
under the following models: DEC (a), DEC+J (b), DIVA-like (c), DIVA-like+J (d), BAYAREA-
like (e), BAYAREA-like+J (f). Node letters indicate the most likely region. Multiple
abbreviations at a single node refer to the combined region (e.g., AfCf: tropical and temperate).
The best fitting model is indicated by an asterisk. Model details are given in Supplementary
Table 8.
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Morphological stasis and neutral climatic niche evolution (Supplementary Figs. 18 to
21)

To assess the power of the test statistic, i.e., Spearman’s correlation coefficient (rs) between
node age and morphometric overlap, we carried out a cross-validation analysis on data
simulated under either a Brownian motion (BM) or stationary Ornstein-Uhlenbeck (OU) model
(see Methods). By considering only cases in which one of the two models could be uniquely
identified (i.e., ignoring Both-rej and none in Supplementary Fig. 18ac), cross-validation
analysis showed that data from a BM and OU model of evolution have a 97% and 91%
probability, respectively, of rejecting the alternative model. It also revealed that the proposed
simulation-based approach based on rs has more power in distinguishing BM or OU models
of evolution than AlC-based criteria of model selection (Supplementary Fig. 18bd).

Accordingly, our results show that the observed correlation between node age and
morphometric overlap was more likely under a stabilising selection (stationary OU) than
neutral random walk (BM) or early-burst (EB) model of evolution. However, an OU-like pattern
can be generated also by more complex evolutionary processes®, although this is also true
for BM-like patterns®. Moreover, we acknowledge that an EB model may be difficult to detect
with extant species alone®'®2, and therefore rejection of this model should be re-assessed, if
fossil data would become available for the genus.

Nevertheless, we can use the stabilising selection model described by Lande®® to
evaluate whether the estimated parameters in the OU model can find reasonable justification

in the genus Microcebus. In this model, the net rate of trait evolution over short and long time

h202 w?+0?
and a = (wi+o?)
N 2N,

scales are expressed by Var(z) = , respectively®+%5 where h? is the trait

heritability, w? is the within-species trait variance, N, is the effective population size and w? is
the strength of stabilising selection. Using morphological heritability estimates on captive M.
murinus (head depth, head length, tibia length, tarsus length and birth weight; h=0.16-0.32%),
average within-species trait variance estimated from our data, and considering that w? typically
ranges between 3 and 50 in the wild®”, we note that the a values estimated here (0.002—0.008)
would require an average N. between 220 and 1,300 across Microcebus species under
relatively weak selection (w? = 3), or between 3,000 and 15,000, under strong stabilising
selection (w? = 50). Similarly, assuming a generation time of 2.5 years®, we estimate a net
rate of trait evolution over short time scales ranging between 2.5 x 10 and 3.7 x 10 per
generation. This implies an average N, between 5,000 and 80,000. Following the rationale of
Harmon et al.®°, our estimated rates of evolution at short and long time scales are compatible

with typical Ne values in the wild®” and in Microcebus species’®, suggesting that the single
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optimum model (i.e., the OU model) could be a reasonable model for morphological evolution
in this genus.
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Supplementary Figure 18: Validation of the morphological stasis analysis and comparison
with the AIC weights approach. Top row: Cross-validation analysis for Spearman’s correlation
coefficient (rs) between node age and morphometric overlap. Since the fitted early burst (EB)
model converged to a Brownian motion (BM) model, only BM and Ornstein-Uhlenbeck (OU)
models were considered for cross-validation analysis. Proportion of model rejection for the
100 independent morphometric data sets simulated under the single optimum OU (a) and a
BM model (b) (BM-rej: reject the BM model; OU-rej: reject the OU model; Both-rej: reject both
BM and OU models; none: reject neither the BM nor the OU model). Bottom row: Proportion
of AIC weights for the three models of morphometric evolution fitted to each of the 100
simulated morphometric data sets under the single optimum OU (c) and the BM (d) model.
The results suggest that the proposed approach for model selection based on rs is more
accurate than using AIC weights.
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Supplementary Figure 19: Comparison of early-burst (EB), Brownian motion (BM) and
Ornstein-Uhlenbeck (OU) models fitted to morphometric data. The parameters correspond to
the net rates of trait evolution and trait pair covariation. a, Fitted parameters of the EB and BM
models are nearly identical. b, In contrast, fitted parameters of the OU model differ from those
of the BM model. These findings suggest that the fitted EB model converges to the BM model.
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Supplementary Figure 20: Changes in climatic niche overlap along the Microcebus
phylogeny, measured using Schoener’s D. Letters refer to node labels in Fig. 2b. The
correlation between node age and climatic niche overlap was not significant (Pearson’s
correlation test; rs = -0.269; p = 0.281).
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Supplementary Figure 21: Comparison of early-burst (EB), Brownian motion (BM) and
Ornstein-Uhlenbeck (OU) models of climate niche evolution. a and b, Parameter estimates
obtained after fitting the data to an EB and OU model, respectively. The parameters
correspond to the net rates of trait evolution and trait pair covariation. The results show that
fitted parameters of the EB and OU models are nearly identical with those of the BM model.
¢, Distribution of climatic niche overlap along nodes of the Microcebus phylogeny, obtained
from simulations under the BM and OU models. Blue triangles indicate comparisons where
the average overlap for a given node is significantly higher in the OU model compared to the
BM model, which would be expected when both models show similar net rates of trait
evolution. NS: not significant.
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Change in conservation status

Following IUCN guidelines’, we provide new conservation status recommendations for all
valid Microcebus species after taxonomic revision on the basis of their extent of occurrence
(EOO), area of occupancy (AOO) and loss of their AOO during the last 11.5 years
(corresponding to approximately three generations), calculated using our extensive sampling.
We propose to synonymise two microendemic Critically Endangered (CR; M. manitatra, M.
marohita), three Endangered (EN; M. bongolavensis, M. ganzhorni, M. mittermeieri), one Data
Deficient (DD; M. boraha) and one not yet evaluated (M. sp. 1) candidate species, resulting in
a lower recommended level of endangerment (i.e., that of their respective senior synonym) for
these previously assessed lineages (Figs. 2d; Supplementary Table 12). In addition,
synonymising M. bongolavensis and M. ravelobensis would reduce the IUCN category of M.
ravelobensis from Vulnerable to Near Threatened. The effect of increased sampling and the
synonymisation of M. mittermeieri on the IUCN classification of M. lehilahytsara has already
been formally estimated by Dolch et al.”", which we confirm here. Additional sampling also led
to a lower recommended level of endangerment for the five species M. gerpi (already
suggested by Rakotondravony et al.?”), M. macarthurii, M. rufus, M. simmonsi and M. tanosi.
Conversely, our re-assessment does not indicate a necessity to raise the level of
endangerment above the current IUCN classification for any species. It should be noted,
however, that all 19 species lost significant portions of their AOO due to deforestation during
the last three generations. The mean loss of habitat was estimated at 21.6% (SD = 12.4%),
ranging from 7.8% for M. tavaratra to 58.2% for M. jonahi (Supplementary Table S12). The

effects of forest degradation and fragmentation could not be conclusively assessed.
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869  Sampling (Supplementary Fig. 22)
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871  Supplementary Figure 22: Maps of Microcebus samples used in this study: a, RAD
872  sequencing data. b, Morphometric data after filtering. ¢, Bioclimatic data after rarefaction. d,
873  Data on reproductive activity produced in this study after filtering (additional records were
874  added from the literature and are not illustrated here; see Supplementary Table S16). e,
875  Acoustic data, which was complemented by data collected from individuals at the Institute of
876  Zoology of the University of Veterinary Medicine Hannover, Foundation, which cluster
877  genetically with M. ganzhorni. Note that coordinates for several samples are not available and
878 therefore not plotted. Comprehensive sample lists can be found in Supplementary Tables 13
879 to17.
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Library preparation

RAD libraries were prepared following the three protocols described in Poelstra et al.®

(detailed for each sample in Supplementary Table S18):

1.

Oregon: Library preparation was based on Genomic Resources Development
Consortium et al.”2. Specifically, 40 — 100 ng of extracted genomic DNA were digested
with the Sbfl restriction enzyme (New England Biolabs) and subsequently ligated to
the P1 adapters’. Up to 48 samples were pooled into sub-libraries and sheared for 5
min using a Bioruptor for 6 min to an average target size of 500 bp. Next, end-repair
and 3’ adenylation were performed, P2 adapters were ligated, and libraries were
amplified in 14 cycles of PCR. Finally, sub-libraries were purified with AMPure XP
beads (Agencourt), pooled based on yield and single-end sequenced (100 bp, 48
individuals / lane) on an lllumina HiSeq 2000 at the University of Oregon Core Facility.
Toulouse: Library preparation was also based on Genomic Resources Development
Consortium et al.”. In contrast to the protocol mentioned above, 40 — 200 ng of
genomic DNA were used, sub-libraries were sheared for 45 s in Covaris® M220, only
10 PCR cycles were conducted, and sequencing was performed on an lllumina HiSeq
3000 (paired-end, 150 bp, 96 individuals / lane) at the GenoToul Sequencing Platform
Facility (Toulouse, France).

Idaho: Library preparation was based on Ali et al.”*. Specifically, 50 ng of genomic
DNA were digested with the Sbfl restriction enzyme (New England Biolabs) and
subsequently ligated to custom biotinylated and barcoded adapters. 48 samples were
pooled and sheared with a Covaris® M220 to an average target size of 400 bp.
Fragments were subsequently enriched with streptavidin beads, and libraries were
prepared with the NEBNext Ultra DNA Library Prep Kit (New England Biolabs). Final
libraries were paired-end sequenced (150 bp, 48 — 96 individuals / lane) on an Illumina
HiSeq 4000 at the Vincent J. Coates Genomic Sequencing Laboratory of the University
of California, Berkely, or at the Duke Center for Genomics and Computational Biology

Sequencing Facility.

Species delimitation (Supplementary Figs. 23 to 27)

Genomics (isolation-by-distance):

The introduced statistical test quantifies patterns of IBD between versus within taxa, assessing

whether genetic distances between individuals of candidate species deviate from a model of
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intraspecific spatial genetic structure. To account for the genome-wide variation of the
genealogical process, we quantified IBD across genomic regions by dividing genomic data
into contiguous windows containing a fixed number of SNPs (Extended Data Fig. 1a). We
visualised similarity in relatedness among windows using multidimensional scaling (MDS;
Supplementary Fig. 24). The MDS plot was generated from a relatedness dissimilarity matrix
among windows, given by the Euclidean distance in the relative position of each individual
across windows as defined by the two main components of window-based PCAs. MDS was
performed using the functions eigen_windows, pc_dist and cmdscale from the R package
‘lostruct’ v0.0.0.90007°.

We used the normalised root mean square error (NRMSE) to quantify deviations of
observed genetic distances between candidates from those predicted by the geographic clines
in genetic distance within candidates (Extended Data Fig. 1bc). The NRMSE normalises
genetic distances between and within candidates by the range of observed distances between
candidates, thus facilitating comparisons among species complexes with different IBD scales
within candidates. The predicted values were obtained from the linear regression model fitted
to the within-taxon geographic and genetic distances. More specifically, given a genomic
window /, pairwise comparisons within candidate 1 (ns), within candidate 2 (n.), and between
candidates (ns), we fitted a linear regression model for ns and ny, separately:

3’1 = m1x1 + b1 and yz = mzxz + b2

where x; and xz are the pairwise geographic distances (natural logarithm) within candidate 1
and candidate 2, respectively, and y; and y, are the corresponding pairwise average number
of nucleotide differences (7). m and b are the coefficients of the fitted models, which are
estimated via a least-squares approach. For instance, for candidate 1, we would estimate:

— n (X x1y1)-Ex1) X y1) and b, = Xyi—-mi(¥xg)
n(2x3)-(23)° ! n

1

Then, the predicted values of the pairwise genetic distances between candidates (y3) were
obtained from the corresponding observed pairwise geographic distances (x3) using the

following expressions:
}7/3(7) =mqyXx3 + b1 and )1/36 =MmyX3 + bz

Ultimately, we used the predicted (73) and observed (y3) pairwise genetic distances between

candidates for computing NRMSE:

Yo, (73— ¥3)
ns3

NRMSE, = max min
Jer —ypin)
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The fitting of the linear regression model and prediction of genetic distances between
candidates were performed with the R functions /m and predict.Im, respectively. Ultimately,
we combined NRMSE estimates across all genomic windows to generate two NRMSE
distributions for a given candidate pair, each obtained from the comparison with the
intraspecific genetic diversity of one of the two candidates (Supplementary Fig. 25), which
were then compared to the reference distributions (Extended Data Fig. 1d). While two
reference distributions were obtained this way from M. lehilahytsara and M. mittermeieri, a
different approach was used to generate the reference distribution from M. tavaratra. More
specifically, genetic distances between individuals were classified into “between” and “within”
(representing the majority of comparisons between fragmented and within continuous
populations, respectively), using k-means clustering (Supplementary Fig. 23cd). To quantify
the discontinuity in IBD that could be expected in a spatially structured yet interconnected
species, the NRMSE was then calculated across genomic windows based on these two
clusters, resulting in only one reference NRMSE distribution.

We consider M. tavaratra and M. lehilahytsara (incl. M. mittermeieri) appropriate
reference systems because they are relatively widely distributed, comprise both larger
continuous and smaller fragmented populations and are therefore hypothesised to exhibit
comparably high intraspecific variation in taxonomic characters'6.18.21:40.76 ' that can serve as a
an empirical null-model of variation to conservatively delimit species. In addition, their
population genomic structure is well-characterised, with clear patterns of isolation-by-distance
and/or gene flow between populations and no evidence for the presence of diverging lineages
or potential candidates within these species (see Supplementary results and discussion:
Species delimitation and diagnosis and Extended Data Fig. 3 for more information on M.
lehilahytsara and M. mittermeieri, and Supplementary Fig. 23 for M. tavaratra). Although the
plot of genetic vs. geographic distances in Supplementary Fig. 23c does indicate a
discontinuity (i.e., gap between comparisons given in blue and red), higher genetic distances
(red) are not attribuSupplementary Table only to two or few geographically separated
populations, which we would expect if allopatric speciation explained the discontinuity. Rather,
they represent comparisons between several forest patches at varying distances to each other
(Supplementary Fig. 23d), even though we acknowledge that comparisons involving one of
three sampling sites (named X, Y and Z) are overrepresented. Moreover, comparisons among
these forest patches also provide several data points with lower genetic distances (i.e., blue
data points are not only stemming from comparisons within forest patches), and this includes
sites X, Y and Z. Taken together, the observed genetic structure in M. tavaratra can more
likely be explained by stochastic processes and (recent) habitat fragmentation across the
entire distribution of the species than by allopatric speciation between geographically isolated

lineages.
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Supplementary Figure 23: Population genetic structure of M. tavaratra. a, Map of the species
distribution across forest fragments (left) and phylogeny inferred from mtDNA indicating no
major clusters (right; scale is substitutions per site); reproduced with permission of John Wiley
& Sons, Inc. from Sgarlata et al.?'. b, Maximum likelihood inference conducted in this work
(5% maximum missing data) does not indicate major clusters either (node labels represent
percent SH-aLRT/ultrafast bootstrap support if below 100; scale is substitutions per site),
unlike in other candidate groups that are separated by comparably long branches (e.g., M.
mamiratra, M. margotmarshe and M. sambiranensis). ¢, Genetic distances tend to increase
linearly with the log of geographic distances (isolation-by-distance; IBD). Labelling of
comparisons into “between” and “within” was done via k-means clustering of genetic distances
and used for the NRMSE IBD analysis (see Methods). d, Geographic representation of data
points in panel ¢ (pairwise comparisons labelled as “between” and “within” are connected by
red and blue edges, respectively). Although three sampling sites (named X, Y and Z) account
for the majority of comparisons labelled as “between”, the latter are not restricted to these
sites but involve several additional forest patches. Conversely, comparisons among these
forest patches also provide several data points labelled as “within”, including the sites X, Y
and Z. This does not indicate allopatric speciation between geographically isolated lineages
or the presence of candidate species in M. tavaratra.
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Supplementary Figure 24: Window-size selection and multidimensional scaling on genomic
windows-based PCA. a, Changes in signal - error ratio with genomic window size, reaching a
plateau at about 1,000 SNPs. Grey shading indicates 95% confidence interval. b,
Multidimensional scaling of PCAs computed across genomic windows of 1,000 SNPs. Labels
correspond to ten randomly selected windows. ¢, PCAs of the ten randomly selected windows
shown in panel b.
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Supplementary Figure 25: Normalised root mean square error (NRMSE) distributions of
within and between candidate isolation-by-distance (IBD) across Microcebus candidate
species pairs and different window sizes: a, 500 SNPs. b, 1,000 SNPs. ¢, 2,000 SNPs. Taxon
names refer to the first three letters of the candidate species epithet. For each pair, two
distributions are shown, as the NRMSE has been calculated with respect to intraspecific
patterns of IBD in each taxon. Vertical dashed lines correspond to 0.95 quantiles of M.
tavaratra, M. lehilahytsara and M. mittermeieri NRMSE distributions, which were used as

thresholds for species delimitation (see Methods in main text).

Genomics (genealogical divergence index):

While we followed Jackson et al.”” in using a gdi of 0.2 as a threshold for synonymisation, we
urge caution as this value likely underestimates the minimum gdi for mammalian species
differentiation. Jackson et al. offer a single rule of thumb for all taxa despite large variation in
gdi across orders. Mammals generally seem to exhibit higher gdi than birds and insects. In
addition, although the upper threshold value is relatively well justified in Jackson et al. (i.e.,
“the upper quartile range of gdi values observed for groups identified as ‘populations’ in the
178 empirical datasets never rises above 0.66, suggesting that a gdi value above ~0.7 signals
that speciation has likely occurred”), the lower estimate lies far from its justified value (i.e.,
“two species are never inferred with high AIC weight when the gdi is below ~0.3”). Useful rules
of thumb should be tailored to specific taxonomic groups based on their gdi distribution. A one-
size-fits-all approach is prone to misinterpretations. Therefore, we advocate further research

to estimate a more appropriate gdi threshold for synonymisation of mammal taxa, which will
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aid distinguishing intraspecific lineages with limited divergence from those undergoing

speciation.

Reproductive activity:

Differentiation in reproductive activity can be a key factor of speciation. In many cheirogaleid
species, reproductive activity is highly synchronised, with slight temporal shifts potentially
causing reproductive isolation”®. We therefore assembled 2,354 presence/absence records of
oestrus, pregnancy or lactation in females and of enlarged testes in males at the time of
capture (1,006 male and 1,348 female records across 24 described Microcebus species) from
our own research and the literature (Supplementary Table 16). For literature records without
specific dates of assessment, the time period mentioned (e.g., first half of October) was
covered in five-day steps to represent assessments of that period as an approximation (e.g.,
October 5th and October 10th as approximated dates of assessment). These data partly
included re-assessments of the same individuals across a longer study period, but also
singular assessments at the day of capture without later recapture. Following Rina Evasoa et
al.’®, the presence of oestrus, pregnancy or lactation in females and the presence of enlarged
testes in males were used as reproductive indicators. For each candidate species and month
of the year, we estimated the proportion of reproductively active individuals (i.e., in oestrus for
females or with enlarged testes for males) and total individuals surveyed. Because lactation
and pregnancy can be diagnosed about 2 — 3.5 months and two months after oestrus,
respectively’®8, the corresponding dates were adjusted to obtain the approximate timing of
oestrus by subtracting 2 — 3.5 months and 1 — 2 months, respectively (effects of the adjustment
method on inferred reproductive activity are illustrated in Supplementary Fig. 26). Confidence
intervals were estimated using Wilson’s method, implemented in the function binom.confint of

the R package ‘binom’ v1.1-1.18",
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Supplementary Figure 26: Female and male reproductive schedules across Microcebus
candidate species. a, Females with adjustment of 2 months for lactation and 1 month for
pregnancy. b, Females with adjustment of 3.5 months for lactation and 1 month for pregnancy.
¢, Females with adjustment of 2 months for lactation and 2 months for pregnancy. d, Females
with adjustment of 3.5 months for lactation and 2 months for pregnancy. e, Male reproductive
schedule. x-axis: month (1 — 12). y-axis: proportion of reproductive individuals (females:
oestrous; males: with enlarged testes). Grey histograms indicate sample size. Coloured
polygons delimit the confidence interval around the proportion of reproductive individuals
according to Wilson’s method.

Acoustic communication:

Acoustic communication can be crucial for species recognition or mate choice. Accordingly,
bioacoustic tools have already been used in diverse animal species to study or clarify
taxonomic questions (e.g., insects®?, anurans®, mammals®®). Therefore, we retrieved
acoustic data from the sound archive of the Institute of Zoology of the University of Veterinary
Medicine Hannover, Foundation for two clades, comprising the candidate species M.

bongolavensis, M. danfossi and M. ravelobensis (alert calls) and M. ganzhorni, and M. murinus
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(advertisement calls), respectively. Data were obtained during behavioural studies at different
locations in Madagascar and in the captive Microcebus breeding colony of the Institute of
Zoology, which clusters genetically with M. ganzhorni (see Mmur_Rhodos S12 and
Mmur_Gina_S12 in Supplementary Figs. 1 to 5). The housing conditions of the breeding
colony were regularly licensed and proved by the local veterinary authorities (licence no.:
42502/1TiHo). Depending on the respective legislation for the year of recordings, studies were
performed in accordance with the law of the European Community regulations on the
protection of experimental animals and the guidelines of the German Animal Welfare Act and
approved by the Niedersachsisches Landesamt flr Verbraucherschutz und
Lebensmittelsicherheit (LAVES), Germany (licence no.: AZ33. 19-42502-11A117; 33.12-
42502-04-14/1454). Details on sampling locations, recording conditions and sample sizes are
summarised in Supplementary Table 17.

Acoustic measurements were performed in PRAAT v5.4.0.4% using custom scripts.
Since different call types were available for the two clades (i.e., alert vs. advertisement calls),
acoustic parameters and settings were adapted to the respective acoustic structure
(Supplementary Table 23). Alert calls (Tsak) are harmonic up- and down modulated calls
produced in series of up to 100 calls (Supplementary Fig. 7). To avoid pseudoreplication in
this kind of analysis, a maximum of two Tsak calls per series was selected. Tsak calls were
band-pass filtered (75 — 60,000 Hz) and, for each call, eight acoustic parameters were
measured (Supplementary Tables 23 and 24; see also Hasiniaina et al.>? for details).
Advertisement calls (Trill) are complex modulated sounds which consist of bouts of up to 30
syllables which differ in their frequency contour with the first syllable showing the highest
variability (Supplementary Fig. 7). Trill calls were recorded with a Nagra IV-SJ tape recorder,
which can only record calls up to 48 kHz. We therefore resampled all calls to the same
sampling frequency of 96 kHz and conducted a band-pass filtering with a range of 9 — 45 kHz.
We measured eight acoustic parameters characterising the first syllable of the call and four
additional parameters characterising the whole call (Supplementary Tables 23 and 24). The
available calls were recorded with different systems (e.g., analogue versus digital; different
microphone sensitivities), which could hamper analytical power. To test for disturbing effects,
we compared total duration and maximum fundamental frequency between the analogue and
digital recording equipment for M. murinus (north) using linear mixed effect models which
controlled for repeated measurement of the same individuals. Both parameters did not differ
significantly between recording equipment (t < 0.540, p = 0.598). Visual inspections of the
boxplots showed that vocalisations of the same location but recorded with different equipment
were more similar (M. murinus (north): analogue versus digital) than vocalisations recorded in
different locations using the same equipment (analogue: M. murinus (north) versus M. murinus

(central); digital: M. murinus (north) versus M. ganzhorni; Supplementary Fig. 27), suggesting
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that measurement bias had a negligible effect on our analysis. We therefore pooled all
vocalisations per location for further analyses.

Following the procedure of morphological and climatic niche analyses, we constructed
n-dimensional hypervolumes from the different call parameters and measured the maximum
value of asymmetric overlap between sister candidate species®”# (Supplementary Table
S25). To account for multicollinearity, we performed PCA beforehand and used the resulting

PCs as input variables to the calculation of hypervolumes.
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Supplementary Figure 27: Boxplots of the total duration (a) and the maximum fundamental
frequency FO (b) of Trill calls measured by different recording systems in the candidates M.
murinus (north), M. murinus (central) and M. ganzhorni (n = 91 for each taxon; M. murinus
(north): Nanaiogue = 64 and naigital = 27). Box plots show the interquartile range (coloured boxes)
with the median (black line) and quartiles plus 1.5 times the interquartile range (whiskers).
Data points outside this range (outliers) are represented by black dots.

Divergence time estimation

While external evidence such as fossils is considered the gold standard for calibrating
evolutionary distances in substitutions per site to substitutions per absolute time units, such
calibrations are not available for the genus Microcebus, Lemuriformes, or older primate
divergences. Given that only external calibrations are available for the sister group
Lorisiformes and the nearest crown group, calibration is not available until Euarchontoglires
(see reviews of evidence in Appendix 1 of dos Reis et al.*? and Supplementary Table S1 of
dos Reis et al.®%). In addition, because of the recent divergences among Microcebus species

evident from their genetic distances and previous studies®'®, there is considerable risk that
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conventional analyses with clock models would be compromised by biases towards older
calibrations*3, on top of the technical biases that could be introduced by combining RADseq
data with published genome assemblies. There is also the reasonable expectation that
ignoring the coalescent process for the genus Microcebus, where internal branch lengths
between speciation events are short, would overestimate the species split times*®. Therefore,
we applied a strategy to estimate divergence times that avoids the biases of much older
external calibrations and concatenation by accounting for incomplete lineage sorting with the
MSC model and transforming branch lengths from substitutions per site to substitutions per
year based on external evidence from per-generation de novo primate mutation rates and
Microcebus generation times.

Following Poelstra et al.’®, we used a mutation rate of 1.236 x 10 per site per
generation and a generation time of 3.5 years to convert 7 to years. To explore how uncertainty
in these estimates affects inferred divergence times, we also did the conversion using a
gamma distribution with a mean of 1.236 x 10 and a variance of 0.107 x 10%, as well as a
lognormal distribution with a mean of In(3.5) and a standard deviation of In(1.16) for mutation
rate and generation time, respectively. The mutation rate distribution is based on the mean of
estimates found in different primates while roughly capturing their variance®%. We did not
use the point estimate of 1.52 x 108 per site per generation given for Microcebus murinus in
Tiley et al.*® because it might be inflated®® and there is likely variation in germline mutation
rates among individuals within a species and over time® . For generation times, data are much
more difficult to gather, with only two studies at the time of writing that provide estimates from
wild populations®. The lognormal distribution was constructed to be centred on the midpoint
of the means from both studies (3.5 years), with variance adjusted to encompass the range.
A lognormal distribution was chosen as we assume a skew such that more individuals on the
early end of reproductive maturity are contributing to the population than older individuals. It
ultimately assumes a time to reproduction of about two years and that few individuals

reproduce beyond six years.
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1163  Modelling morphological and climatic niche evolution (Supplementary Figs. 28 to 29)
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1165 Supplementary Figure 28: Empirical distribution of each morphometric variable and species
1166  in the dataset with seven variables. Row names refer to the first four letters of the candidate
1167  species epithet.
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Supplementary Figure 29: Empirical distribution of each bioclimatic variable and
species. Row names refer to the first four letters of the candidate species epithet. bio03:
isothermality; bio04: temperature seasonality; bio05: maximum temperature of warmest
month; bio06: minimum temperature of coldest month; bio12: annual precipitation; bio15:
precipitation seasonality; bio16: precipitation of wettest quarter; bio17: precipitation of driest
quarter.
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