
nature ecology & evolution

https://doi.org/10.1038/s41559-024-02547-wArticle

Integrative taxonomy clarifies the evolution 
of a cryptic primate clade

In the format provided by the 
authors and unedited

Supplementary information

https://doi.org/10.1038/s41559-024-02547-w


1 
 

Supplementary Table of contents 1 

Supplementary results and discussion ...................................................................................... 2 2 

Phylogenetic inference (Supplementary Figs. 1 to 6) .......................................................... 2 3 

Species delimitation and diagnosis (Supplementary Figs. 7 and 8) ................................ 9 4 

M. rufus, M. berthae, M. myoxinus .................................................................................. 9 5 

M. lehilahytsara, M. mittermeieri .................................................................................... 10 6 

M. mamiratra, M. margotmarshae, M. sambiranensis ................................................... 11 7 

M. arnholdi, M. sp. 1 ...................................................................................................... 12 8 

M. boraha, M. simmonsi ................................................................................................ 14 9 

M. jollyae, M. marohita, M. gerpi .................................................................................... 15 10 

M. macarthurii, M. jonahi ............................................................................................... 17 11 

M. manitatra, M. ganzhorni, M. murinus ........................................................................ 18 12 

M. ravelobensis, M. bongolavensis, M. danfossi ........................................................... 21 13 

Singletons: M. tanosi, M. tavaratra, M. griseorufus ....................................................... 23 14 

Divergence time estimation (Supplementary Figs. 9 to 14) ............................................. 25 15 

Biogeographic reconstruction and diversification rate analysis (Supplementary 16 
Figs. 15 to 17) .............................................................................................................................. 32 17 

Morphological stasis and neutral climatic niche evolution (Supplementary Figs. 18 18 
to 21) .............................................................................................................................................. 36 19 

Change in conservation status ............................................................................................... 40 20 

Supplementary methods ............................................................................................................... 41 21 

Sampling (Supplementary Fig. 22) ......................................................................................... 41 22 

Library preparation ..................................................................................................................... 42 23 

Species delimitation (Supplementary Figs. 23 to 27) ........................................................ 42 24 

Genomics (isolation-by-distance): ................................................................................. 42 25 

Genomics (genealogical divergence index): .................................................................. 47 26 

Reproductive activity: ..................................................................................................... 48 27 

Acoustic communication: ............................................................................................... 49 28 

Divergence time estimation ..................................................................................................... 51 29 

Modelling morphological and climatic niche evolution (Supplementary Figs. 28 to 30 
29) ................................................................................................................................................... 53 31 

References ....................................................................................................................................... 55 32 

 33 
  34 



2 
 

Supplementary results and discussion 35 

Phylogenetic inference (Supplementary Figs. 1 to 6) 36 

We inferred the first comprehensive phylogeny for the genus Microcebus under five missing 37 

data thresholds and with two complementary algorithms (maximum likelihood, quartet-based). 38 

With respect to species-level divergences, maximum likelihood phylogenies are congruent 39 

across filtering schemes and ultrafast bootstrap support is high (Supplementary Figs. 1 to 5). 40 

Quartet-based inference on a thinned SNP set largely supports the maximum likelihood 41 

topology but standard bootstrap values decrease and incongruencies increase with higher 42 

amounts of missing data, both for individual- and for species-level assignments 43 

(Supplementary Figs. 1 to 6). We therefore used the consistent maximum likelihood topology 44 

for downstream analyses (i.e., divergence time estimation, biogeographic reconstruction and 45 

the modelling of morphological stasis and climatic niche diversification). 46 

Our topology supports a basal split between the M. murinus group, M. griseorufus and 47 

the clade comprised of M. bongolavensis, M. danfossi and M. ravelobensis on the one hand, 48 

and all other Microcebus species on the other hand. Among the latter, pairs and triplets of 49 

candidate species branch off consecutively, starting with M. jonahi and M. macarthurii of 50 

northeastern Madagascar, followed by M. gerpi, M. jollyae and M. marohita of the central east 51 

coast and M. boraha and M. simmonsi from the areas in between. Subsequently, there is a 52 

bifurcation separating the species of northern Madagascar (i.e., M. arnholdi, M. sp. 1, M. 53 

tavaratra, M. mamiratra, M. margotmarschae, M. sambiranensis) and the remaining species 54 

from the dry central-western and the humid eastern forests of Madagascar (i.e., M. berthae, 55 

M. myoxinus, M. rufus, M. tanosi, M. lehilahytsara, M. mittermeieri).  56 

Previous phylogenies for the genus Microcebus often relied on a limited set of species 57 

and/or genes and exhibited low support or short branch lengths especially at deeper nodes1–58 
8. It is beyond the scope of this work to discuss all conflicting phylogenetic hypotheses. 59 

Notably, however, the placement of the clade comprising M. bongolavensis, M. danfossi and 60 

M. ravelobensis appeared to be particularly difficult to resolve. Our topology places this clade 61 

with high support as sister to the M. murinus group and M. griseorufus, which is in line with 62 

Weisrock et al.6 and a recent analysis of ultra-conserved elements9. In contrast, Fauskee et 63 

al.10 suggest that this placement may be an artefact caused by ancient gene flow between the 64 

stem of the clade and that of the M. murinus group and M. griseorufus, and that it rather is 65 

sister to the other major clade in the Microcebus phylogeny. Further research is necessary to 66 

clarify its position and identify the role of gene flow particularly during the early diversification 67 

of the genus Microcebus. 68 

 69 
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 70 
Supplementary Figure 1: Maximum likelihood (left) and quartet-based (right) phylogenies 71 
inferred with IQ-TREE and SVDquartets, respectively, from a SNP set with 5% maximum 72 
missing data per site. Node labels represent percent SH-aLRT/ultrafast bootstrap support (left) 73 
and percent bootstrap support (right) if below 100. Individuals are coloured according to 74 
candidate species. Scale is substitutions per site. 75 
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 76 
Supplementary Figure 2: Maximum likelihood (left) and quartet-based (right) phylogenies 77 
inferred with IQ-TREE and SVDquartets, respectively, from a SNP set with 25% maximum 78 
missing data per site. Node labels represent percent SH-aLRT/ultrafast bootstrap support (left) 79 
and percent bootstrap support (right) if below 100. Individuals are coloured according to 80 
candidate species. Scale is substitutions per site. 81 
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 82 
Supplementary Figure 3: Maximum likelihood (left) and quartet-based (right) phylogenies 83 
inferred with IQ-TREE and SVDquartets, respectively, from a SNP set with 50% maximum 84 
missing data per site. Node labels represent percent SH-aLRT/ultrafast bootstrap support (left) 85 
and percent bootstrap support (right) if below 100. Individuals are coloured according to 86 
candidate species. Scale is substitutions per site. 87 
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 88 
Supplementary Figure 4: Maximum likelihood (left) and quartet-based (right) phylogenies 89 
inferred with IQ-TREE and SVDquartets, respectively, from a SNP set with 75% maximum 90 
missing data per site. Node labels represent percent SH-aLRT/ultrafast bootstrap support (left) 91 
and percent bootstrap support (right) if below 100. Individuals are coloured according to 92 
candidate species. Scale is substitutions per site. 93 
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 94 
Supplementary Figure 5: Maximum likelihood (left) and quartet-based (right) phylogenies 95 
inferred with IQ-TREE and SVDquartets, respectively, from a SNP set with 95% maximum 96 
missing data per site. Node labels represent percent SH-aLRT/ultrafast bootstrap support (left) 97 
and percent bootstrap support (right) if below 100. Individuals are coloured according to 98 
candidate species. Scale is substitutions per site. 99 
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 100 
Supplementary Figure 6: Species trees inferred with SVDquartets from SNP sets with 5% 101 
(a), 25% (b), 50% (c), 75% (d) and 95% (e) maximum missing data per site. Node labels 102 
represent percent bootstrap support if below 100. 103 
  104 
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Species delimitation and diagnosis (Supplementary Figs. 7 and 8) 105 

The following sections detail delimitation results for each group of candidate species. A 106 

summary of these results is given in Supplementary Table 1. 107 

 108 

M. rufus (Geoffroy, 1834), M. berthae (Rasoloarison et al., 2000), M. myoxinus (Peters, 1852): 109 

M. rufus and M. myoxinus are the earliest recognized Microcebus species after M. murinus 110 

and were described based on differences in coloration and/or morphology11,12. M. berthae was 111 

described from Kirindy Private Reserve (PR) due to differentiation in external morphological, 112 

cranial and dental measurements (three individuals) as well as mtDNA (four individuals) 113 

compared to other Microcebus species in western Madagascar1,13. 114 

The three species occur allopatrically, with M. rufus inhabiting montane humid forests 115 

on the east coast with two population strongholds in Ranomafana National Park (NP) and 116 

Andringitra NP (Extended Data Fig. 2a). The other two species occur in the dry forests of 117 

western Madagascar (M. berthae in Menabe Antimena Protected Area [PA]; M. myoxinus 118 

between the rivers Tsiribihina and Betsiboka and inside Tsingy de Bemaraha NP).  119 

Patterns of isolation-by-distance (IBD) in genomic data are inconclusive for delimitation 120 

of the three candidates, as neither the intra- nor the interspecific model are clearly rejected 121 

(Extended Data Fig. 2d; Supplementary Table 2). However, interspecific genetic distances are 122 

slightly higher than intraspecific ones when considering similar geographic distances 123 

(Extended Data Fig. 2d). Furthermore, our analyses indicate that the candidates are 124 

reciprocally monophyletic (Extended Data Fig. 2b), present distinct genomic clusters 125 

(Extended Data Fig. 2c) and have intermediate genealogical divergence indices (gdi) 126 

(Extended Data Fig. 2e; Supplementary Table 3). Morphometric data are not concordant with 127 

an intraspecific model of IBD and reveal major differentiation among candidates, with low 128 

hypervolume overlap (Extended Data Fig. 2f, Supplementary Tables 4 and 5). Similarly, 129 

climatic niche overlap (Schoener’s D) is particularly low and significantly different from a null 130 

distribution (Extended Data Fig. 2g; Supplementary Table 6), as can be expected given the 131 

disjunct distributions of the three taxa. We also observe a later onset of oestrus in female M. 132 

berthae compared to M. myoxinus and M. rufus (Extended Data Fig. 2h), indicating that there 133 

are sSupplementary Table differences in female seasonal reproductive activation between 134 

these species. Since we do not find any evidence for ongoing gene flow between the three 135 

candidates but detect differentiation in morphometry, climatic niche and reproductive activity, 136 

our findings support the current taxonomic classification of the candidates as distinct species. 137 

Notably, genetic samples are currently lacking for the northern part of the distribution of M. 138 

rufus, which would shed further light on the low genetic differentiation between M. rufus and 139 
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M. berthae (Extended Data Fig. 2de). It is unlikely, however, that additional sampling will 140 

challenge our general conclusion given the clear differentiation of the three candidates across 141 

multiple lines of evidence, our extensive sampling covering large parts of their known 142 

distributions and the disjunct ranges of M. berthae and M. rufus (Extended Data Fig. 2a; 143 

Supplementary Tables 13 to 16). 144 

Based on our sampling and genetic analyses, we do not identify separate evolutionarily 145 

significant units other than these candidates (Extended Data Fig. 2b). While all three species 146 

occur in protected areas, these safeguards may not prevent them from extinction, as 147 

suspected for M. berthae14. 148 

 149 

M. lehilahytsara (Roos & Kappeler, 2005), M. mittermeieri (Louis et al., 2006): 150 

The initial descriptions of these two candidates were based on the northern and southern 151 

extreme points of their known combined distribution (Extended Data Fig. 3a). M. lehilahytsara 152 

was described from Andasibe based on differentiation in the mitochondrial cytochrome b gene 153 

of two individuals to other previously described Microcebus species15. The description of M. 154 

mittermeieri was based on molecular diagnosability in the mitochondrial D-loop region of six 155 

individuals at Anjanaharibe-Sud Special Reserve (SR)2. However, at the time of description, 156 

sequences of M. mittermeieri were not compared to M. lehilahytsara. The population genomics 157 

and morphometric diversity of these two species have recently been studied using extensive 158 

data at a wide range of sampling sites16–18, providing convincing evidence that they are not 159 

valid species but exhibit intraspecific geographic variation in genomic and morphological 160 

diversity. Accordingly, these candidates should be considered a single species that is 161 

distributed along the humid northeastern coast of Madagascar with differentiated populations 162 

in isolated forest fragments of the central highlands. The southern and northern distributional 163 

limits of this species are the rivers Mangoro and Bemarivo, respectively, making it the 164 

Microcebus species with the second-largest distribution after M. murinus.  165 

Our analyses support these findings, as patterns of genomic IBD between candidates 166 

appear to be an extension of within-candidate patterns, in line with an intraspecific model of 167 

diversification (Extended Data Fig. 3d, Supplementary Table 2). This is also supported by the 168 

fact that M. mittermeieri is phylogenetically nested in M. lehilahytsara (Extended Data Fig. 3b), 169 

with strong evidence for ongoing or recent gene flow among populations (Extended Data Fig. 170 

3c) and particularly low gdi values (Extended Data Fig. 3e, Supplementary Table 3). 171 

Furthermore, we find comparably high hypervolume overlap in morphometry (no significant 172 

pattern of IBD is detected; Extended Data Fig. 3f, Supplementary Tables 4 and 5) and 173 

intermediate to high overlap in climatic niches, not deviating significantly from the null 174 
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distribution (Schoener’s D; Extended Data Fig. 3g, Supplementary Table 6). Finally, 175 

reproductive schedules indicate an overlap and provide no evidence for differentiation 176 

(Extended Data Fig. 3h). However, average monthly sample size is low for M. mittermeieri 177 

(n=5) and M. lehilahytsara (n=9) (Supplementary Table 16), and there may be variation in 178 

reproductive activity among populations of the widely distributed species M. lehilahytsara due 179 

to environmental plasticity17,19.  180 

The detailed population genomic analysis in Tiley et al.18 suggests that this taxon is 181 

composed of at least six genetically differentiated, reciprocally monophyletic lineages that 182 

deserve conservation attention, i.e., a northern humid forest lineage (previous M. 183 

mittermeieri), two central humid forest lineages (at Ambavala/Madera and at Riamalandy SR, 184 

respectively), a southern humid forest lineage (at Andasibe-Mantadia NP and Tsinjoarivo-185 

Ambalaomby New Protected Area [NPA]) and two Central Highland populations at Ankafobe 186 

unprotected forest and Ambohitantely SR, respectively (Extended Data Fig. 3b; note that the 187 

lineage at Ambohitantely SR is not represented due to low sample quality). 188 

 189 

M. mamiratra (Andriantompohavana et al., 2006), M. margotmarshae (Louis et al., 2008), M. 190 

sambiranensis (Rasoloarison et al., 2000): 191 

M. sambiranensis was described from Manongarivo SR based on differentiation in external 192 

morphological measurements (six individuals) and mtDNA (three individuals) to other 193 

Microcebus species in western Madagascar13. The descriptions of M. mamiratra and M. 194 

margotmarshae were based on molecular diagnosability in mitochondrial D-loop and PAST 195 

sequence fragments of four and five individuals at Lokobe SR and Antafondro Classified 196 

Forest SR, respectively, compared to previously described Microcebus species (including M. 197 

sambiranensis)3,20. 198 

The three candidates are distributed in dry deciduous and transitional forests of the 199 

Sambirano region of northwestern Madagascar. Their distributions are separated by large 200 

rivers: The Sambirano River separates M. mamiratra from M. margotmarshae, and the 201 

Andranomalaza River separates M. margotmarshae from M. sambiranensis (Extended Data 202 

Fig. 4a).  203 

Patterns of IBD in genomic data are inconclusive for the delimitation of the three 204 

candidates, as neither the intra- nor the interspecific model were clearly rejected (Extended 205 

Data Fig. 4d, Supplementary Table 2). However, interspecific genetic distances are slightly 206 

higher than intraspecific ones, when considering similar geographic distances (Extended Data 207 

Fig. 4d). Furthermore, our analyses indicate that the candidates are reciprocally monophyletic 208 

(Extended Data Fig. 4b) and form distinct genomic clusters (Extended Data Fig. 4c). 209 
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Genealogical divergence is intermediate (Extended Data Fig. 4e, Supplementary Table 3). 210 

While overlap in climatic niches (Schoener’s D) is high among the candidates and does not 211 

deviate significantly from a null distribution (as can be expected given the proximity of their 212 

distributions; Extended Data Fig. 4g, Supplementary Table 6), hypervolume overlap in 213 

morphometry is particularly low and morphometric data are not concordant with an 214 

intraspecific model of IBD (Extended Data Fig. 4f, Supplementary Tables 4 and 5). Data on 215 

reproductive activity do not allow the detection of differences in reproductive schedules 216 

between candidates because there is only limited overlap in assessed months and average 217 

monthly sample sizes are low (M. margotmarshae: n=6, M. sambiranensis: n=5, and M. 218 

mamiratra: n=7) (Extended Data Fig. 4h, Supplementary Table 16). Interestingly, however, 219 

and in contrast to all other studied Microcebus species, the three candidates seem to lack 220 

reproductive seasonality, as oestrous females were already found in late June (M. mamiratra) 221 

or early August (M. margotmarshae), pregnant females were still observed in June (M. 222 

mamiratra) or even early August (M. margotmarshae), and lactating females were still found 223 

in June (M. sambiranensis) or July (M. mamiratra) which coincides with the lean season (= dry 224 

season), typically regarded as unfavourable for rearing dependent lemur offspring.  In 225 

summary, the clear genomic diagnosability and the morphometric differentiation support the 226 

current classification of the three candidates as distinct species. However, as our sampling 227 

only covers part of the distributions of these candidates (Extended Data Fig. 4a; 228 

Supplementary Tables 13 to 16), additional sampling, particularly at distributional margins, will 229 

be necessary to rule out that our genetic and/or morphometric data fail to represent an existing 230 

cline in character variation. 231 

Based on our sampling, we identify at least two reciprocally monophyletic evolutionarily 232 

significant units within M. mamiratra, corresponding to the mainland population, which occurs 233 

in the Galoko Kalobinono NPA, and the population on Nosy Be, which occurs in the small 234 

Lokobe NP (Extended Data Fig. 4b). Both M. margotmarshae and M. sambiranensis should 235 

be considered a single evolutionarily significant unit, presumably occurring in the Manongarivo 236 

SR and Sahamalaza-Ile Radama NP, respectively. 237 

 238 

M. arnholdi (Louis et al., 2008), M. sp. 1 (Sgarlata et al., 2019): 239 

M. arnholdi was described at Montagne d’Ambre NP and SR based on molecular 240 

diagnosability in mitochondrial D-loop and PAST sequence fragments of ten individuals 241 

compared to previously described Microcebus species3. It is a microendemic species 242 

restricted to these regions and the neighbouring forest fragment Antsoroby. The supposed 243 

presence of a putative new species (M. sp. 1) about 140 km south-east of M. d’Ambre, 244 
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between the rivers Bemarivo and Manambato, has been suggested by Sgarlata et al.21 245 

(Extended Data Fig. 5a). The gap between the two distributions appears to be real and not 246 

due to sampling since the majority of forest fragments has been sampled across northern 247 

Madagascar. Species delimitation tests performed in Sgarlata et al. between M. arnholdi and 248 

M. sp. 1 were based on two mitochondrial loci. Here, we show that the original delimitation 249 

defined in Sgarlata et al. is not supported by nuclear genomic data. Instead, phylogenetic 250 

inference identified major genomic differentiation between northern and southern M. arnholdi 251 

populations (Extended Data Fig. 5b), which is why we decided to carry out species delimitation 252 

tests by classifying the northern populations as M. arnholdi and the southern populations as 253 

M. sp. 1. Note, therefore, that the geographic definition of M. sp. 1 used herein is different from 254 

the one used in Sgarlata et al. 255 

Patterns of genomic IBD between the candidate pair appear to be an extension of 256 

within-candidate patterns, in line with an intraspecific model of diversification (Extended Data 257 

Fig. 5d; Supplementary Table 2). While our analyses indicate that the two candidates are 258 

reciprocally monophyletic (Extended Data Fig. 5b), they do not form distinct genomic clusters, 259 

showing admixed ancestry for individuals sampled in Binara Forest (Extended Data Fig. 5c). 260 

The genealogical divergence index is inconclusive to delimit this candidate pair, although 261 

relatively small (Extended Data Fig. 5e, Supplementary Table 3). Hypervolume overlap in 262 

morphometry is high, and patterns of morphometric IBD are continuous, supporting an 263 

intraspecific model as well (Extended Data Fig. 5f, Supplementary Tables 4 and 5). Climatic 264 

niche overlap (Schoener’s D) is comparably low and does not deviate significantly from a null 265 

distribution (Extended Data Fig. 5g; Supplementary Table 6), which can be explained by the 266 

relatively large spatial distribution of the two candidates at different elevations. Data on 267 

reproductive activity are too limited to draw conclusions (average monthly sample size of three 268 

for M. arnholdi and eight for M. sp. 1; Extended Data Fig. 5h; Supplementary Table 16). In 269 

summary, patterns of IBD in genomic and morphometric data, which are supported by 270 

admixed ancestry, indicate that M. sp. 1 does not represent a distinct species but should be 271 

synonymised under M. arnholdi. Given that our sampling covers the two candidates’ known 272 

distributions and their margins extensively (Extended Data Fig. 5a; Supplementary Tables 13 273 

to 16), it is unlikely that additional sampling will challenge this conclusion. 274 

Based on our sampling, we identify at least four reciprocally monophyletic 275 

evolutionarily significant units in this group, corresponding to the Binara population (within the 276 

Loky-Manambato Protected Harmonious Landscape), the Montagne d’Ambre and Antsoroby 277 

populations (the former within the Montagne d’Ambre NP), the southern 278 

Analalava/Bezavona/Salafaina/Ambohitandrina populations (occurring in non-protected 279 

areas) and the central populations inhabiting part of the Corridor of Marojejy‐Anjanaharibe 280 

Sud‐Tsaratanana Nord (COMATSA Nord PA) (Extended Data Fig. 5b). 281 



14 
 

M. boraha (Hotaling et al., 2016), M. simmonsi (Louis et al., 2006): 282 

M. simmonsi was described based on molecular diagnosability in the mitochondrial D-loop 283 

region of nine individuals at Betampona SR and Zahamena NP2. It occurs in lowland humid 284 

forests of Madagascar’s east coast between the Anove River in the north and the Ivondro 285 

River in the south. M. boraha is confined to its type locality on Île Ste. Marie (Nosy Boraha; 286 

Extended Data Fig. 6a) and was described due to monophyly (inferred from two mitochondrial 287 

loci), distinct clustering (inferred from four nuclear loci) and multispecies coalescent (MSC)-288 

based species delimitation analyses (using both mitochondrial and nuclear loci)22. Notably, the 289 

MSC is known to confound population structure with speciation23,24, and these analyses only 290 

included M. simmonsi individuals from Tampolo but not from the northern parts of its 291 

distribution. 292 

Patterns of IBD in genomic data are inconclusive for delimitation of the candidate pair, 293 

as neither the intra- nor the interspecific model are clearly rejected (Extended Data Fig. 6d; 294 

Supplementary Table 2). However, genetic distances between individuals of the two 295 

candidates are lower than those found among M. simmonsi individuals alone when 296 

considering similar geographic distances (Extended Data Fig. 6d). Furthermore, our analyses 297 

indicate that the two candidates are not reciprocally monophyletic, as M. boraha and a M. 298 

simmonsi lineage north of the Simianona River form a clade that is sister to the remaining M. 299 

simmonsi (Extended Data Fig. 6b). This is also supported by the clustering analysis (Extended 300 

Data Fig. 6c). The gdi is intermediate for this candidate pair (Extended Data Fig. 6e, 301 

Supplementary Table 3). Because comprehensive morphometric, climatic and reproductive 302 

activity data are lacking for M. boraha (Supplementary Fig. 22bcd; Supplementary Tables 13 303 

to 16), these lines of evidence can not be integrated. In summary, however, genomic analyses 304 

provide sufficient evidence to synonymise M. boraha under M. simmonsi. Notably, we naively 305 

labelled individuals at Ambodiriana as M. simmonsi, following Poelstra et al.16. If these are 306 

labelled as M. boraha instead (as indicated by phylogenetic inference), we no longer observe 307 

a lack of reciprocal monophyly and mixed clusters (Extended Data Fig. 6bc). However, we still 308 

find a relatively continuous IBD pattern (indicated by the point cloud in Extended Data Fig. 6d, 309 

bottom), and there is only a comparably small number of substitutions separating the two 310 

candidates in the phylogeny (Extended Data Fig. 6b). Given that the genomic differentiation, 311 

although detectable, is low and not supported by differentiation in any other trait (albeit this is 312 

due to lack of data) and we lack sampling between Ambodiriana and southern M. simmonsi 313 

populations to test for clinal variation (Extended Data Fig. 6a), we suggest synonymising M. 314 

boraha in this case as well until more evidence becomes available. We come to this conclusion 315 

despite the limited data because we aim to consistently delimit species across the entire genus 316 

Microcebus, using a conservative approach in the sense that we do not reject a single-species 317 
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null hypothesis until there is convincing evidence for differentiation (i.e., genomic data and 318 

additional lines of evidence). In any case, the sampling gap between the rivers Simianona and 319 

Maningory (Extended Data Fig. 6a) needs to be addressed to ultimately clarify the taxonomic 320 

relationship of the two candidates. 321 

 Based on our sampling, we identify at least three genetically differentiated, reciprocally 322 

monophyletic evolutionarily significant units in this group, i.e., a northern M. simmonsi lineage 323 

between the rivers Anove and Simianona, a southern M. simmonsi lineage between the rivers 324 

Ivondro and Maningory and the population on Île St. Marie (corresponding to M. boraha) 325 

(Extended Data Fig. 6b). Only one of these units (i.e., the southern M. simmonsi lineage) 326 

occurs in protected areas, i.e., Zahamena NP and Betampona Special Nature Reserve (SNR). 327 

The distributions of the other two are not protected to date. 328 

 329 

M. jollyae (Louis et al., 2006), M. marohita (Rasoloarison et al., 2013), M. gerpi (Radespiel et 330 

al., 2012): 331 

M. jollyae was described based on molecular diagnosability in the mitochondrial D-loop region 332 

of three individuals at Kianjavato and Mananjary2. Similarly, the description of M. gerpi is 333 

based on molecular diagnosability in two mitochondrial loci (COII and D-loop) of 14 individuals 334 

at Sahafina Forest compared to previously described Microcebus species (including M. 335 

jollyae)25. Notably, the authors also found that M. gerpi individuals (n = 7) had significantly 336 

longer tails than M. jollyae. Finally, M. marohita was described from three individuals at 337 

Marohita Forest (District de Marolambo) due to monophyly (inferred from two mitochondrial 338 

and four nuclear loci) and distinct clustering (inferred from four nuclear loci)4,26. These 339 

analyses included M. jollyae but not M. gerpi. 340 

The three candidates are all microendemics of the lowland humid forests of 341 

Madagascar’s east coast, with disjunct distributions that are separated by large rivers. The 342 

distribution and population genomics of M. gerpi have recently been explored in detail27,28. It 343 

occurs between the Ivondro River in the north and the Mangoro River in the south, while being 344 

restricted by an elevational limit at around 600 m above sea level. In contrast, M. marohita 345 

and M. jollyae are only poorly sampled, with potential distributional limits presented by the 346 

rivers Mangoro and Manapatrana/Mananara, respectively. Accordingly, our sampling covers 347 

the entire distribution of M. gerpi but only includes two and one samples of M. jollyae and M. 348 

marohita, respectively (Extended Data Fig. 7a; Supplementary Tables 13 to 16). 349 

Patterns of IBD in genomic data clearly support an interspecific model when comparing 350 

M. gerpi and M. jollyae (Extended Data Fig. 7d, Supplementary Table 2). For M. marohita, the 351 

statistical test could not be conducted due to limited sampling (Supplementary Table 13), but 352 
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pairwise genetic distance between M. jollyae and M. marohita individuals are lower than those 353 

observed among M. gerpi individuals alone (Extended Data Fig. 7d). In line with van Elst et 354 

al.28, our analyses further indicate that the three candidates are reciprocally monophyletic 355 

(Extended Data Fig. 7b) and form distinct genomic clusters (Extended Data Fig. 7c). Notably, 356 

population structure within M. gerpi is prioritised in admixture analysis when assuming three 357 

clusters (K = 3; Extended Data Fig. 7c). Moreover, gdi values between all species pairs are 358 

particularly high (Extended Data Fig. 7e, Supplementary Table 3). Hypervolume overlap in 359 

morphometry and overlap in climatic niches (Schoener’s D) could not be quantified with 360 

respect to M. marohita due to limited sampling (Supplementary Tables 14 and 15). However, 361 

we observe low overlap in morphometry between M. gerpi and M. jollyae (Extended Data Fig. 362 

7f; Supplementary Table 4). Corresponding patterns of IBD are inconclusive for species 363 

delimitation (Supplementary Table 5). Conversely, overlap in climatic niches is high and does 364 

not differ significantly from a null distribution (Extended Data Fig. 7g, Supplementary Table 6), 365 

which can be explained by the proximity of distributions that appear to be separated only by 366 

riverine barriers. Data on reproductive activity are limited (average monthly sample size of 3 367 

for both M. gerpi and M. jollyae, respectively; Supplementary Table 16) but indicate an overlap 368 

between the two species as well (Extended Data Fig. 7h). Patterns of IBD, genomic 369 

diagnosability and morphometric differentiation support the classification of M. gerpi as a 370 

separate species from M. jollyae. Conversely, we advocate synonymising M. marohita under 371 

M. jollyae until more comprehensive sampling, which is urgently required, becomes available 372 

given that (1) both species were only described from a single locality each, (2) admixture and 373 

genomic IBD analyses suggest lower differentiation between M. marohita and M. jollyae than 374 

within M. gerpi, and (3) we currently have no evidence for differentiation in any other trait, 375 

albeit this is due to lack of data. We come to this conclusion despite the limited data because 376 

we aim to consistently delimit species across the entire genus Microcebus, using a 377 

conservative approach in the sense that we do not reject a single-species null hypothesis until 378 

there is convincing evidence for differentiation (i.e., genomic data and additional lines of 379 

evidence). Our conclusion to treat M. gerpi as a separate species most likely also holds when 380 

comparing it to a candidate comprised of M. jollyae and M. marohita individuals of this study 381 

(i.e., after synonymising them) given that genetic distances plotted against geographic 382 

distances between individuals of M. gerpi and M. jollyae or M. marohita form a single point 383 

cloud (Extended Data Fig. 7d, bottom) and that data for M. marohita are very limited anyway. 384 

It is worthy of note that the genomic analysis of van Elst et al. found particularly high genomic 385 

differentiation between M. gerpi populations north and south of the Rianila River. However, 386 

preliminary investigations (Schüßler, Rakotondravony, Radespiel, unpubl. data) did not find 387 

any significant differentiation in morphometry or climatic niches between these two lineages, 388 

which is why we do not consider them distinct species.  389 
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The detailed population genomic analysis in van Elst et al. suggests that M. gerpi is 390 

comprised of at least four differentiated, reciprocally monophyletic evolutionarily significant 391 

units, namely a northern lineage at Sahamamy/Anjahamana//Andobo, a central lineage at 392 

Vohiposa/Sahafina and two southern lineages at Ambodisakoana and Antanambao, 393 

respectively (Extended Data Fig. 7b). Due to the limited sampling, M. jollyae and M. marohita 394 

have to be each considered a single evolutionarily significant unit until more comprehensive 395 

studies are available. At present, M. gerpi occurs in the Sahafina NPA but none of the other 396 

units occur in formally protected areas. 397 

 398 

M. macarthurii (Radespiel et al., 2008), M. jonahi (Schüßler et al., 2020): 399 

M. macarthurii was described from three individuals at Anjiahely based on molecular 400 

diagnosability in three mitochondrial loci compared to previously described Microcebus 401 

species29. The description of M. jonahi was based on morphometric and genomic species 402 

delimitation analyses performed specifically in comparison with M. macarthurii and using 403 

extensive sampling of both species16,17. 404 

The two candidates occur allopatrically in the humid forests of northeastern 405 

Madagascar (Extended Data Fig. 8a). Their distributions are likely separated by the Rantabe 406 

River. While M. macarthurii occurs north of it up to the Antainambalana River, M. jonahi is 407 

distributed along its southern shore down to the Anove River. Notably, however, the species 408 

of Microcebus individuals occurring between the rivers Rantabe and Voloina has not been 409 

identified by molecular data so far. 410 

Patterns of IBD in genomic data are inconclusive for delimitation as neither the intra- 411 

nor the interspecific model are clearly rejected, but genetic distances between candidates 412 

appear to be higher than those within, when considering similar geographic distances 413 

(Extended Data Fig. 8d; Supplementary Table 2). Furthermore, our results confirm that the 414 

two candidates are reciprocally monophyletic (Extended Data Fig. 8b), form distinct genomic 415 

clusters (Extended Data Fig. 8c) and have intermediate to high gdi (Extended Data Fig. 8e, 416 

Supplementary Table 3). As already indicated by Schüßler et al.17, hypervolume overlap in 417 

morphometry is comparably low (no significant pattern of IBD is detected; Extended Data Fig. 418 

8f; Supplementary Tables 4 and 5). Overlap in climatic niches (Schoener’s D) is intermediate 419 

and deviates significantly from a null distribution (Extended Data Fig. 8g; Supplementary Table 420 

6), which can be explained by the proximity of species distributions, which are separated only 421 

by a single river. The reproductive schedules of both species seem to be synchronous and 422 

there is no evidence for differentiation (Extended Data Fig. 8h; see also Schüßler et al.), but 423 

the underlying average monthly sample sizes are low (M. jonahi: n=12; M. macarthurii: n=5; 424 
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Supplementary Table 16). The genomic diagnosability and morphometric differentiation 425 

support the current classification of M. macarthurii and M. jonahi as distinct species. However, 426 

further data are needed to ultimately exclude the possibility that the two candidates represent 427 

lineages on opposite ends of a genetic cline since M. macarthurii has only been sampled from 428 

a single locality to date (Extended Data Fig. 8a). 429 

Based on our sampling, genomic analyses do not indicate the presence of 430 

differentiated lineages and therefore separate evolutionarily significant units within the two 431 

species, which is consistent with Poelstra et al.16 (Extended Data Fig. 8b). We therefore 432 

suggest treating each species as a single unit until more data become available. Both species 433 

currently occur in protected areas (M. macarthurii in Makira Natural Park; M. jonahi in Makira 434 

Natural Park and Mananara Nord NP). 435 

 436 

M. manitatra (Hotaling et al., 2016), M. ganzhorni (Hotaling et al., 2016), M. murinus (Miller, 437 

1777): 438 

M. murinus is the earliest recognized Microcebus species30. M. ganzhorni and M. manitatra 439 

were described from previously considered M. murinus populations at Mandena and 440 

Bemanasy Forest, respectively, due to monophyly (inferred from two mitochondrial loci), 441 

distinct clustering (inferred from four nuclear loci) and MSC-based species delimitation 442 

analyses (using both mitochondrial and nuclear loci)22. Notably, the MSC is known to confound 443 

population structure with speciation23,24. 444 

M. murinus is the most widely distributed species in the entire genus, occurring in dry, 445 

gallery and, to some extent, spiny forests along Madagascar’s west coast between the Sofia 446 

River in the northwest and the Mandena region around Fort Dauphin in the south. Due to the 447 

wide distribution of M. murinus, we split it into three candidates corresponding to samples 448 

north of the Manambaho River (northern lineage), between the rivers Tsiribihina and Onilahy 449 

(central lineage) and east of the Mandrare River (southern lineage; Extended Data Fig. 9a). 450 

However, genomic data for the southern lineage are restricted to few low-quality samples 451 

(Supplementary Tables 13 and 18), which is why most delimitation analyses were only 452 

conducted for the northern and central lineages. Notably, these lineages are separated by a 453 

wide sampling gap (Extended Data Fig. 9a; Supplementary Table 15) with no confirmed 454 

sightings of M. murinus13, which may indicate an actual distributional gap. M. manitatra and 455 

M. ganzhorni are both microendemics in the southern part of the range of M. murinus 456 

(Extended Data Fig. 9a).  457 

When treating M. murinus (north) and M. murinus (central) as separate candidates, 458 

patterns of IBD in genomic data are mostly inconclusive for delimitation (Extended Data Fig. 459 
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9d; Supplementary Table 2). Notably, however, treating M. murinus (north) and M. murinus 460 

(central) together as a single candidate supports a synonymisation of M. manitatra and M. 461 

ganzhorni under M. murinus (Supplementary Table 2). Furthermore, our analyses indicate that 462 

none of the four candidates are reciprocally monophyletic (Extended Data Fig. 9b), as M. 463 

ganzhorni is nested within M. manitatra, and both are nested within M. murinus (central). 464 

Together, the three candidates form the sister clade to M. murinus (north). While assuming 465 

two clusters (K = 2) suggests admixed ancestry between M. murinus (central) and M. murinus 466 

(north), additional signatures of gene flow are detected between M. murinus (central), M. 467 

murinus (south) and M. manitatra as well as between M. ganzhorni and M. manitatra, when 468 

setting the number of clusters to three (K = 3) and four (K = 4), respectively (Extended Data 469 

Fig. 9c). In accordance with these findings, the gdi is particularly low between M. manitatra 470 

and M. ganzhorni (Extended Data Fig. 9e, Supplementary Table 3). Interestingly, however, in 471 

other comparisons, gdi calculated from θ of M. murinus (north), M. manitatra and M. ganzhorni 472 

are comparably high (Supplementary Table 3), which can result from inbreeding reducing the 473 

effective population size (and θ), thus biasing the gdi upwards. While hypervolume overlap in 474 

morphometry is comparably high between M. murinus lineages (Extended Data Fig. 9f, 475 

Supplementary Table 4), overlap in climatic niches (Schoener’s D) is low to intermediate and 476 

differs significantly from a null distribution (as can be expected given the wide distribution of 477 

M. murinus; Extended Data Fig. 9g, Supplementary Table 6). Estimates with respect to M. 478 

manitatra and M. ganzhorni are not available due to the very limited data (Supplementary 479 

Tables 14 and 15). Reproductive data are available for M. murinus (central) and M. murinus 480 

(north), indicating that females enter oestrus about 1 – 2 months earlier in the northern than 481 

in the central clade (Extended Data Fig. 9h). This discrepancy can likely be explained by 482 

differences in day length dynamics and seasonal climatic changes19. For M. manitatra and M. 483 

ganzhorni, reproductive data are mostly lacking (Supplementary Table S16). Finally, 484 

advertisement calls of the three candidates M. murinus (north), M. murinus (central) and M. 485 

ganzhorni show similar contours of the fundamental frequency in comparison to other 486 

Microcebus species (Supplementary Fig. 7)31,32. Whereas all advertisement calls of these 487 

candidates are characterised by an initial modulation followed by several up and down 488 

modulated syllables, calls of M. ravelobensis31, M. lehilahytsara31, M. mamiratra32 and M. 489 

margotmarshae (unpublished data), for instance, consist only of one to three modulated 490 

syllables. Hypervolume overlap in acoustic profiles was lowest between M. murinus (north) 491 

and M. ganzhorni (Supplementary Table 25). M. murinus (central), however, showed similar 492 

levels of overlap to M. murinus (north) and M. ganzhorni, suggesting a gradient from north to 493 

south which is consistent with a single-species hypothesis for this candidate group. In 494 

summary, patterns of IBD supported by the phylogenetic nestedness of M. manitatra and M. 495 
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ganzhorni within M. murinus and the apparent gene flow strongly suggest synonymising the 496 

two candidates under M. murinus.  497 

It is worthy of note that the deepest split in the phylogeny of this clade can be found 498 

between northern M. murinus and the central lineage plus M. ganzhorni and M. manitatra, 499 

raising the question whether these deserve separate species status. Although our IBD based 500 

test is inconclusive to delimit these lineages, the plot of geographic against genetic distances 501 

reveals a relatively continuous pattern of IBD when considering comparisons within M. 502 

murinus (central), within M. murinus (north) and between the central and northern lineage 503 

(Extended Data Fig. 9d), indicating that genetic distances can be explained by geographic 504 

distribution rather than speciation. This is also supported by admixed ancestry of Bombetoka 505 

individuals at K = 2 (Extended Data Fig. 9c), small branch lengths separating the central from 506 

the northern lineage (compared to the number of substitutions present within the 507 

central/southern clade; Extended Data Fig. 9b), and the potential sampling gap between the 508 

distributions of the two lineages. Finally, overlap in morphometry and acoustic profiles is high, 509 

and the observed differences in climatic space and reproductive activity mentioned above can 510 

likely be explained by the large distribution of this species, covering almost the entire north-511 

south axis of Madagascar (Extended Data Fig. 9b). Comparing individuals from the northern 512 

end and the more southern part of this distribution inevitably results in the detection of 513 

differences in climatic space and potentially reproductive activity (which can be affected by 514 

climate). Accordingly, our findings do not support a classification as distinct species. Additional 515 

sampling will definitely help further characterising genetic structure and variation in traits such 516 

as morphometry, reproductive activity or acoustic communication within M. murinus. However, 517 

it is unlikely to challenge our conclusion regarding its taxonomy given the clear evidence for 518 

gene flow across its range and because our geographically informed approaches alleviate the 519 

effect of uneven and/or sparse sampling. 520 

Based on our sampling, genomic analyses identify at least four differentiated, 521 

reciprocally monophyletic evolutionarily significant units in this group, corresponding to a 522 

northern M. murinus lineage between the rivers Sofia and Betsiboka, a northern lineage south 523 

of the Betsiboka stretching towards the Tsingy de Namoroka, the central lineage around 524 

Menabe-Antimena NP and the southern lineage around Fort Dauphin which includes the 525 

candidates M. manitatra and M. ganzhorni (Extended Data Fig. 9b). While the former three 526 

units all occur in protected areas (Ankarafantsika NP, Tsingy de Namoroka NP and Menabe-527 

Antimena NP, respectively), the southern lineage is only protected in the small Mandena 528 

Conservation Zone. 529 

 530 
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M. ravelobensis (Zimmermann et al., 1998), M. bongolavensis (Olivieri et al., 2007), M. 531 

danfossi (Olivieri et al., 2007): 532 

M. ravelobensis was described from Ampijoroa in central eastern Madagascar based on 533 

morphometric differentiation of 27 individuals to sympatric M. murinus33. The descriptions of 534 

M. bongolavensis and M. danfossi were based on minor differentiation in morphometry as well 535 

as molecular diagnosability in two mitochondrial loci (COII and cytochrome b) of three and 536 

seven individuals at Ambodimahabibo and Ambarijeby (Province of Mahajanga), respectively, 537 

compared to the other two species in this group34.  538 

The three candidates are distributed in the dry deciduous forests of northwestern 539 

Madagascar, separated by the two large rivers Mahajamba (M. ravelobensis - M. 540 

bongolavensis) and Sofia (M. bongolavensis - M. danfossi) (Extended Data Fig. 10a).  541 

We find a clear rejection of a single-species model in analyses of genomic IBD when 542 

comparing M. danfossi with the other two candidates but inconclusive results for the 543 

comparison of M. bongolavensis and M. ravelobensis (Extended Data Fig. 10d, 544 

Supplementary Table 2). Moreover, the three candidates are reciprocally monophyletic (with 545 

comparably short branch lengths between M. ravelobensis and M. bongolavensis though; 546 

Extended Data Fig. 10b) and form distinct clusters (Extended Data Fig. 10c). While the gdi is 547 

high when considering M. danfossi, it is intermediate between M. bongolavensis and M. 548 

ravelobensis (Extended Data Fig. 10e, Supplementary Table 3). The low but 549 

detecSupplementary Table genomic differentiation between the latter two candidates is not 550 

supported by other lines of evidence: Hypervolume overlap in morphometry and overlap in 551 

climatic niches (Schoener’s D) are high or intermediate to high, respectively (Extended Data 552 

Fig. 10fg; Supplementary Tables 4 and 6), and morphometric patterns of IBD are continuous 553 

and therefore concordant with an intraspecific model (Supplementary Tables 1 and 5). In 554 

addition, using extensive sampling we do not detect any differentiation in reproductive 555 

schedules but a synchronous activation of reproductive activity of M. bongolavensis and M. 556 

ravelobensis (Extended Data Fig. 10h). More specifically, enlarged testes can be observed in 557 

both species starting around July, and although our sampling does not cover months prior to 558 

this for M. bongolavensis (in contrast to M. ravelobensis), the absence of regressed testes in 559 

both species starting approximately in September further supports the hypothesis that 560 

reproductive activity in males begins around the same time. Similarly, the appearance of 561 

female oestrus and pregnancy seems to be synchronous for the two candidates. In contrast, 562 

M. danfossi appears to start reproductive activity several months earlier (i.e., earlier 563 

pregnancies and testes growth; Extended Data Fig. 10h; see also Rina Evasoa et al.19). 564 

Finally, hypervolumes of acoustic profiles of alert calls are largely overlapping as well 565 

(Supplementary Fig. 7d, Supplementary Table 25), which is further supported by the 566 
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sonograms showing a more similar contour of the fundamental frequency between M. 567 

ravelobensis and M. bongolavensis in comparison to M. danfossi (Supplementary Fig. 7c; see 568 

also Hasiniaina et al.32). In summary, these results suggest synonymising M. bongolavensis 569 

under M. ravelobensis as the genomic differentiation, although detecSupplementary Table, is 570 

not supported by other taxonomic characters, while confirming the classification of M. danfossi 571 

as a distinct species due to a rejection of an intraspecific pattern of genomic IBD. This 572 

conclusion most likely also holds when comparing M. danfossi to a candidate comprising both 573 

M. bongolavensis and M. ravelobensis individuals of this study (i.e., after synonymising them) 574 

given that the NRMSE patterns obtained when comparing M. danfossi separately to the two 575 

other candidates are largely congruent (Extended Data Fig. 10d, top), with a single shared 576 

point cloud in the plot of geographic and genetic distances (Extended Data Fig. 10d, bottom). 577 

Because our sampling largely covers the known distributions of the candidates including their 578 

margins (Extended Data Fig. 10a; Supplementary Tables 13 to 16), it is unlikely that additional 579 

sampling will challenge our conclusion regarding their taxonomy. 580 

Notably, delimiting M. bongolavensis and M. ravelobensis is a particularly difficult case 581 

as it mirrors the dispute around different species concepts. That is, the two candidates appear 582 

to be genomically diagnosable, but genomic differentiation is low and not supported by other 583 

taxonomic characters. They likely represent diverging lineages at an intermediate point along 584 

the speciation continuum (i.e., “in the process of speciation”35). Here, we argue to synonymise 585 

them due to the lack of differentiation in additional taxonomic characters, and because we aim 586 

to consistently delimit species across the entire genus Microcebus.  587 

We propose to treat each candidate as a separate evolutionarily significant unit 588 

(Extended Data Fig. 10b). While M. ravelobensis occurs in Ankarafantsika NP (sympatrically 589 

with M. murinus), M. bongolavensis can only be found in the Bongolava Forest Corridor, which 590 

does not seem to offer any protection from logging36. Similarly, M. danfossi occurs in no 591 

formally protected area except the Bora SR, which is severely threatened by habitat 592 

degradation that likely already led to the local extirpation of Propithecus tattersalli37. 593 

  594 
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 595 

Supplementary Figure 7: Call comparisons in two Microcebus candidate groups. 596 
Spectrograms of advertisement calls (Trill) of two exemplary individuals (subjects) (a) and 597 
PCA of n-dimensional hypervolumes constructed from acoustic parameters (Supplementary 598 
Table S24) (b) among the candidates M. murinus (north), M. murinus (central) and M. 599 
ganzhorni. Spectrograms of alert calls (Tsak) of two exemplary individuals (subjects) (c) and 600 
PCA of n-dimensional hypervolumes constructed from acoustic parameters (Supplementary 601 
Table 24) (d) among the candidates M. ravelobensis, M. bongolavensis and M. danfossi. 602 

 603 

Singletons: M. tanosi (Rasoloarison et al., 2013), M. tavaratra (Rasoloarison et al., 2000), M. 604 

griseorufus (Kollman, 1910): 605 

The three species M. griseorufus, M. tanosi and M. tavaratra are not part of any previously 606 

covered candidate group. M. griseorufus was intially described based on morphology as a 607 

subspecies of what is now considered M. murinus38. It was raised to a full species due to 608 

differentiation in external morphological, cranial and dental measurements (six individuals) as 609 

well as mtDNA (two individuals) compared to other Microcebus species in western 610 
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Madagascar1,13. Similarly, M. tavaratra was described from Ankarana SR based on 611 

differentiation in external morphological, cranial and dental measurements (five individuals) 612 

as well as mtDNA (two individuals)13. Finally, M. tanosi was described from ten individuals at 613 

the forests of Manantantely and Ivorona (District de Taolagnaro) due to monophyly (inferred 614 

from two mitochondrial and four nuclear loci) and distinct clustering (inferred from four nuclear 615 

loci)4,26. 616 

M. griseorufus occurs in the most arid parts of the island, the spiny thickets of 617 

southwestern Madagascar. M. tanosi may have a rather high ecological capacity, occurring 618 

from the transitional lowland forests of southeastern Madagascar to the highland humid forests 619 

of Midongy du Sud NP. M. tavaratra is a species of the dry deciduous forests of the northern 620 

tip of Madagascar, occurring in the distributional gap of M. arnholdi. Sampling maps and 621 

climatic niche models are given in Supplementary Fig. 8. 622 

Each of the three species is separated from its sister clades by comparably long 623 

branches. The status of M. tanosi and M. tavaratra as distinct species follows from delimitation 624 

decisions within their sister clades (see above). In the case of M. griseorufus, the relatively 625 

large genetic distance to M. murinus and the formation of a contact zone in which no gene 626 

flow can be found39 provides strong evidence for its status as a separate species. Based on 627 

our sampling, phylogenetic analysis does not indicate the presence of distinct phylogenetic 628 

clusters within M. griseorufus or M. tanosi that could serve as further candidates for species 629 

delimitation. Accordingly, we suggest treating these species as single evolutionarily significant 630 

units each. Notably, our genomic data only covers the southern parts of their distributions 631 

(Supplementary Fig. 8a, Supplementary Table 13), and additional sampling may reveal further 632 

structure in these species. In M. tavaratra, a major split is observed between the two samples 633 

in the forest fragments of Analafiana (the most southern location within its distribution) and the 634 

remaining individuals (Supplementary Figs. 1 to 5). We therefore suggest treating the 635 

Analafiana population as a separate evolutionarily significant unit compared to the other 636 

sampled individuals (see also Salmona40). All species can be found in National Parks or other 637 

protected areas (e.g., M. griseorufus: Tsimanampetsotsa NP, Beza Mahafaly SR, Berenty PR; 638 

M. tanosi: Andohahela NP, Midongy du Sud NP; M. tavaratra: Ankarana SR, Analamerana 639 

SR). 640 

 641 
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 642 

Supplementary Figure 8:  Sampling (a) and climatic niche models (b) of M. griseorufus, M. 643 
tanosi and M. tavaratra. 644 

 645 

Divergence time estimation (Supplementary Figs. 9 to 14) 646 

We inferred divergence times under a MSC model in BPP, averaging four independent runs 647 

of 900,000 generations with a burn-in of 100,000. Convergence of chains was reached for 648 

most nodes as indicated by effective sample sizes (ESS) larger than 200 and by median node 649 

heights (Supplementary Figs. 9 to 12). Only some of the deeper nodes in the phylogeny with 650 

relatively short associated branch lengths (e.g., nodes o, p, h and j) did not reach convergence 651 

across all chains with respect to ߬ and/or θ parameters (Supplementary Figs. 10 to 12). 652 

We converted ߬ to absolute time using both point estimates of mutation rate and 653 

generation time and distributions with point estimates as means (Supplementary Figs. 13 and 654 

14; Supplementary Table 7). While conversion with point estimates resulted in small 95% 655 

highest posterior density (HPD) distributions, indicating good convergence of chains, 656 

accounting for uncertainty in calibrations led to relatively large 95% HPD distributions. The 657 

estimation of population sizes from θ parameters is not the focus of this study and was 658 

therefore not conducted. 659 

Our findings suggest that the genus Microcebus started diversifying about 1.5 million 660 

years (Ma) ago during the mid-Pleistocene (Supplementary Figs. 13 and 14) which is 661 

supported by other MSC studies (i.e., < 2 Ma ago)8,16,18,28 but much younger than fossil-662 

calibration based estimates (i.e., ~8 – 10 Ma ago)7,9,41,42. The tendency of the latter to inflate 663 

divergence times by not accounting for discordant genealogical histories43, dating sequence 664 

divergence instead of speciation events44,45 and using external, phylogenetically distant fossil 665 

calibrations46 has been discussed before. Particularly the latter has been common practice to 666 

date lemur divergences due to the lack of fossils. Notably, our approach may have 667 
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underestimated divergence times by not modelling gene flow after divergence47–49, but it is 668 

unlikely that accounting for this would shift the general timing of diversification outside the 669 

Pleistocene. 670 

To conclude, our estimates, accounting for the uncertainties as detailed above, 671 

suggest that the diversification of the genus Microcebus has taken place during the climatically 672 

fluctuating conditions of the Pleistocene (i.e., periodic glaciation events and interglacials). As 673 

Microcebus species, like most other lemurs, are arboreal primates, they largely depend on 674 

closed-canopy forest ecosystems, which have likely been widespread at warmer and wetter 675 

periods of time (i.e., interglacials and transition times), but periodically shifted towards more 676 

open savannah-like or grassy ecosystems during colder and more arid times (glacial 677 

maxima)50,51. As a result, lineages were likely forced to follow forested habitats to higher 678 

elevations or to humid refugia52,53, which has recently been empirically exemplified for M. 679 

gerpi, a lowland humid forest microendemic28.  680 

 681 

 682 

Supplementary Figure 9: Posterior distributions of log likelihood across four BPP chains 683 
run for one million generations with a burn-in of 20%. 684 



27 
 

 685 

Supplementary Figure 10: Posterior distributions of ߬ parameters across four BPP chains 686 
run for one million generations with a burn-in of 20%. Combined node heights of chains 1 and 687 
2 were compared to those of chains 3 and 4 to check convergence. Node letters correspond 688 
to Fig. 2b. 689 

 690 
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 691 

Supplementary Figure 11: Posterior distributions of θ parameters (tips) across four BPP 692 
chains run for one million generations with a burn-in of 20%. 693 
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 694 

Supplementary Figure 12: Posterior distributions of θ parameters (nodes) across four BPP 695 
chains run for one million generations with a burn-in of 20%. Node letters correspond to Fig. 696 
2b. Combined node heights of chains 1 and 2 were compared to those of chains 3 and 4 for 697 
all θ parameters (Supplementary Figs. 11 and 12) to check convergence. 698 
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 699 

Supplementary Figure 13: Divergence times among Microcebus species estimated through 700 
a coalescent model in BPP, where the conversion of ߬ to absolute time was based on a 701 
mutation rate of 1.236 x 10-8 per site per generation and a generation time of 3.5 years. Red 702 
bars indicate 95% highest posterior density distributions. Divergence times among 703 
synonymised species are not reported. Nodes are labelled by lower case letters for reference 704 
in other analyses. 705 
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 706 

Supplementary Figure 14: Divergence times among Microcebus species estimated through 707 
a coalescent model in BPP, where the conversion of τ to absolute time was based on a gamma 708 
distribution with mean 1.236 x 10-8 and variance 0.107 x 10-8 and a lognormal distribution with 709 
a mean of ln(3.5) and standard deviation of ln(1.16) for mutation rate and generation time, 710 
respectively. Red bars indicate 95% highest posterior density distributions. Divergence times 711 
among synonymised species are not reported. Nodes are labelled by lower case letters for 712 
reference in other analyses. 713 
  714 
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Biogeographic reconstruction and diversification rate analysis (Supplementary Figs. 715 

15 to 17) 716 

We reconstructed ancestral habitats along the Microcebus phylogeny using trait-dependent 717 

dispersal models (DEC, BAYAREALIKE, DIVALIKE) with and without jump dispersal (+J) and 718 

three different classification schemes (dry vs. humid forest, five major ecoregions as in Yoder 719 

et al.8, and the Köppen-Geiger climate classification54). Models with jump dispersal generally 720 

performed better than those without (Supplementary Table 8). Following a classification into 721 

dry and humid forests, all models suggest that the divergence of these two habitat types 722 

(largely analogous to a west vs. east divide, respectively) coincides with the earliest split in 723 

the phylogeny (best model: DIVALIKE+J; Supplementary Fig. 15). At least two secondary 724 

reversions to dry forests occurred in the humid clade (i.e., M. berthae, M. myoxinus, M. 725 

tavaratra). We used the GeoSSE model55 as implemented in the R package ‘diversitree’ v0.9-726 

1656 to examine the effect of habitat type (humid vs. dry) on speciation rates, following Everson 727 

et al.57. While the best model indicates that humid habitats are associated with higher 728 

speciation rates, an equal rates model receives similar support (ΔAIC = 0.19). Accordingly, 729 

our data do not provide evidence for a difference in speciation rates associated with habitat 730 

type. Testing this hypothesis is likely hampered by the small phylogenetic scale considered 731 

here58. The most basal split between humid and dry environments is also recovered by the 732 

classification into five ecoregions according, while highlighting the dispersal of M. berthae, M. 733 

mamiratra, M. margotmarshae and M. griseorufus to more specialised ecoregions, i.e., the 734 

succulent woodlands, woodland/grassland mosaics and arid spiny bush, respectively (best 735 

model: DEC+J; Supplementary Fig. 16). This is also the case for the Köppen-Geiger 736 

classification which further differentiated between different tropical, dry, and temperate 737 

environments (best model: DEC+J; Supplementary Fig. 17). All three classifications suggest 738 

that the ancestral habitat of the genus Microcebus spanned both the dry habitats on the west 739 

coast and the humid habitats of the east coast of Madagascar, which is doubtful given the 740 

large number of microendemics in the genus and the considerably different climatic regimes 741 

of these regions. Ultimately, a comprehensive phylogeny that includes other cheirogaleid taxa 742 

and their habitat preferences (i.e., Allocebus trichotis, Cheirogaleus spp., Mirza spp., Phaner 743 

spp.) will be necessary to resolve this question.  744 
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 745 

Supplementary Figure 15: Ancestral biogeographic regions of Microcebus lineages (D: dry, 746 
H: humid), estimated with BioGeoBears under the following models: DEC (a), DEC+J (b), 747 
DIVA-like (c), DIVA-like+J (d), BAYAREA-like (e), BAYAREA-like+J (f). Node letters indicate 748 
the most likely region. Multiple abbreviations at a single node refer to the combined region 749 
(e.g., DH: dry and humid). The best fitting model is indicated by an asterisk. Model details are 750 
given in Supplementary Table 8. 751 
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 752 

Supplementary Figure 16: Ancestral biogeographic regions of Microcebus lineages (A: arid 753 
spiny bush, D: dry deciduous forest, G: grassland/woodland mosaic, H: evergreen rainforest, 754 
S: succulent woodlands; see Yoder et al.8), estimated with BioGeoBears under the following 755 
models: DEC (a), DEC+J (b), DIVA-like (c), DIVA-like+J (d), BAYAREA-like (e), BAYAREA-756 
like+J (f). Node letters indicate the most likely region. Multiple abbreviations at a single node 757 
refer to the combined region (e.g., DH: dry deciduous forest and evergreen rainforest). The 758 
best fitting model is indicated by an asterisk. Model details are given in Supplementary Table 759 
8. 760 
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 761 

Supplementary Figure 17: Ancestral biogeographic regions of Microcebus lineages following 762 
the Köppen-Geiger climate classification (Af: tropical (rainforest), Am: tropical (monsoon), Aw: 763 
tropical (savannah, dry winter), BSh: dry (semi-arid or steppe, hot), Cf: temperate (no dry 764 
season), Cw: temperate (dry winter); see Beck et al., 201854), estimated with BioGeoBears 765 
under the following models: DEC (a), DEC+J (b), DIVA-like (c), DIVA-like+J (d), BAYAREA-766 
like (e), BAYAREA-like+J (f). Node letters indicate the most likely region. Multiple 767 
abbreviations at a single node refer to the combined region (e.g., AfCf: tropical and temperate). 768 
The best fitting model is indicated by an asterisk. Model details are given in Supplementary 769 
Table 8. 770 
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Morphological stasis and neutral climatic niche evolution (Supplementary Figs. 18 to 771 

21) 772 

To assess the power of the test statistic, i.e., Spearman’s correlation coefficient (rs) between 773 

node age and morphometric overlap, we carried out a cross-validation analysis on data 774 

simulated under either a Brownian motion (BM) or stationary Ornstein-Uhlenbeck (OU) model 775 

(see Methods). By considering only cases in which one of the two models could be uniquely 776 

identified (i.e., ignoring Both-rej and none in Supplementary Fig. 18ac), cross-validation 777 

analysis showed that data from a BM and OU model of evolution have a 97% and 91% 778 

probability, respectively, of rejecting the alternative model. It also revealed that the proposed 779 

simulation-based approach based on rs has more power in distinguishing BM or OU models 780 

of evolution than AIC-based criteria of model selection (Supplementary Fig. 18bd).  781 

Accordingly, our results show that the observed correlation between node age and 782 

morphometric overlap was more likely under a stabilising selection (stationary OU) than 783 

neutral random walk (BM) or early-burst (EB) model of evolution. However, an OU-like pattern 784 

can be generated also by more complex evolutionary processes59, although this is also true 785 

for BM-like patterns60. Moreover, we acknowledge that an EB model may be difficult to detect 786 

with extant species alone61,62, and therefore rejection of this model should be re-assessed, if 787 

fossil data would become available for the genus. 788 

Nevertheless, we can use the stabilising selection model described by Lande63 to 789 

evaluate whether the estimated parameters in the OU model can find reasonable justification 790 

in the genus Microcebus. In this model, the net rate of trait evolution over short and long time 791 

scales are expressed by ܸ (̅ݖ)ݎܽ = మఙమ

ே
 and ߙ = ൫ఠమାఙమ൯

ଶே
, respectively64,65, where h2 is the trait 792 

heritability, ω2 is the within-species trait variance, Ne is the effective population size and ω2 is 793 

the strength of stabilising selection. Using morphological heritability estimates on captive M. 794 

murinus (head depth, head length, tibia length, tarsus length and birth weight; h2=0.16–0.3266), 795 

average within-species trait variance estimated from our data, and considering that ω2 typically 796 

ranges between 3 and 50 in the wild67, we note that the α values estimated here (0.002–0.008) 797 

would require an average Ne between 220 and 1,300 across Microcebus species under 798 

relatively weak selection (ω2 = 3), or between 3,000 and 15,000, under strong stabilising 799 

selection (ω2 = 50). Similarly, assuming a generation time of 2.5 years68, we estimate a net 800 

rate of trait evolution over short time scales ranging between 2.5 x 10-6 and 3.7 x 10-5 per 801 

generation. This implies an average Ne between 5,000 and 80,000. Following the rationale of 802 

Harmon et al.69, our estimated rates of evolution at short and long time scales are compatible 803 

with typical Ne values in the wild67 and in Microcebus species16, suggesting that the single 804 
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optimum model (i.e., the OU model) could be a reasonable model for morphological evolution 805 

in this genus. 806 

 807 

 808 

Supplementary Figure 18: Validation of the morphological stasis analysis and comparison 809 
with the AIC weights approach. Top row: Cross-validation analysis for Spearman’s correlation 810 
coefficient (rs) between node age and morphometric overlap. Since the fitted early burst (EB) 811 
model converged to a Brownian motion (BM) model, only BM and Ornstein-Uhlenbeck (OU) 812 
models were considered for cross-validation analysis. Proportion of model rejection for the 813 
100 independent morphometric data sets simulated under the single optimum OU (a) and a 814 
BM model (b) (BM-rej: reject the BM model; OU-rej: reject the OU model; Both-rej: reject both 815 
BM and OU models; none: reject neither the BM nor the OU model). Bottom row: Proportion 816 
of AIC weights for the three models of morphometric evolution fitted to each of the 100 817 
simulated morphometric data sets under the single optimum OU (c) and the BM (d) model. 818 
The results suggest that the proposed approach for model selection based on rs is more 819 
accurate than using AIC weights. 820 
 821 
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 822 

Supplementary Figure 19: Comparison of early-burst (EB), Brownian motion (BM) and 823 
Ornstein-Uhlenbeck (OU) models fitted to morphometric data. The parameters correspond to 824 
the net rates of trait evolution and trait pair covariation. a, Fitted parameters of the EB and BM 825 
models are nearly identical. b, In contrast, fitted parameters of the OU model differ from those 826 
of the BM model. These findings suggest that the fitted EB model converges to the BM model. 827 

 828 

 829 

Supplementary Figure 20: Changes in climatic niche overlap along the Microcebus 830 
phylogeny, measured using Schoener’s D. Letters refer to node labels in Fig. 2b. The 831 
correlation between node age and climatic niche overlap was not significant (Pearson’s 832 
correlation test; rs = -0.269; p = 0.281). 833 



39 
 

 834 

Supplementary Figure 21: Comparison of early-burst (EB), Brownian motion (BM) and 835 
Ornstein-Uhlenbeck (OU) models of climate niche evolution. a and b, Parameter estimates 836 
obtained after fitting the data to an EB and OU model, respectively. The parameters 837 
correspond to the net rates of trait evolution and trait pair covariation. The results show that 838 
fitted parameters of the EB and OU models are nearly identical with those of the BM model. 839 
c, Distribution of climatic niche overlap along nodes of the Microcebus phylogeny, obtained 840 
from simulations under the BM and OU models. Blue triangles indicate comparisons where 841 
the average overlap for a given node is significantly higher in the OU model compared to the 842 
BM model, which would be expected when both models show similar net rates of trait 843 
evolution. NS: not significant. 844 
  845 
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Change in conservation status 846 

Following IUCN guidelines70, we provide new conservation status recommendations for all 847 

valid Microcebus species after taxonomic revision on the basis of their extent of occurrence 848 

(EOO), area of occupancy (AOO) and loss of their AOO during the last 11.5 years 849 

(corresponding to approximately three generations), calculated using our extensive sampling. 850 

We propose to synonymise two microendemic Critically Endangered (CR; M. manitatra, M. 851 

marohita), three Endangered (EN; M. bongolavensis, M. ganzhorni, M. mittermeieri), one Data 852 

Deficient (DD; M. boraha) and one not yet evaluated (M. sp. 1) candidate species, resulting in 853 

a lower recommended level of endangerment (i.e., that of their respective senior synonym) for 854 

these previously assessed lineages (Figs. 2d; Supplementary Table 12). In addition, 855 

synonymising M. bongolavensis and M. ravelobensis would reduce the IUCN category of M. 856 

ravelobensis from Vulnerable to Near Threatened. The effect of increased sampling and the 857 

synonymisation of M. mittermeieri on the IUCN classification of M. lehilahytsara has already 858 

been formally estimated by Dolch et al.71, which we confirm here. Additional sampling also led 859 

to a lower recommended level of endangerment for the five species M. gerpi (already 860 

suggested by Rakotondravony et al.27), M. macarthurii, M. rufus, M. simmonsi and M. tanosi. 861 

Conversely, our re-assessment does not indicate a necessity to raise the level of 862 

endangerment above the current IUCN classification for any species. It should be noted, 863 

however, that all 19 species lost significant portions of their AOO due to deforestation during 864 

the last three generations. The mean loss of habitat was estimated at 21.6% (SD = 12.4%), 865 

ranging from 7.8% for M. tavaratra to 58.2% for M. jonahi (Supplementary Table S12). The 866 

effects of forest degradation and fragmentation could not be conclusively assessed. 867 
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Supplementary methods 868 

Sampling (Supplementary Fig. 22) 869 

 870 

Supplementary Figure 22: Maps of Microcebus samples used in this study: a, RAD 871 
sequencing data. b, Morphometric data after filtering. c, Bioclimatic data after rarefaction. d, 872 
Data on reproductive activity produced in this study after filtering (additional records were 873 
added from the literature and are not illustrated here; see Supplementary Table S16). e, 874 
Acoustic data, which was complemented by data collected from individuals at the Institute of 875 
Zoology of the University of Veterinary Medicine Hannover, Foundation, which cluster 876 
genetically with M. ganzhorni. Note that coordinates for several samples are not available and 877 
therefore not plotted. Comprehensive sample lists can be found in Supplementary Tables 13 878 
to 17. 879 
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Library preparation 880 

RAD libraries were prepared following the three protocols described in Poelstra et al.16 881 

(detailed for each sample in Supplementary Table S18): 882 

1. Oregon: Library preparation was based on Genomic Resources Development 883 

Consortium et al.72. Specifically, 40 – 100 ng of extracted genomic DNA were digested 884 

with the SbfI restriction enzyme (New England Biolabs) and subsequently ligated to 885 

the P1 adapters73. Up to 48 samples were pooled into sub-libraries and sheared for 5 886 

min using a Bioruptor for 6 min to an average target size of 500 bp. Next, end-repair 887 

and 3’ adenylation were performed, P2 adapters were ligated, and libraries were 888 

amplified in 14 cycles of PCR. Finally, sub-libraries were purified with AMPure XP 889 

beads (Agencourt), pooled based on yield and single-end sequenced (100 bp, 48 890 

individuals / lane) on an Illumina HiSeq 2000 at the University of Oregon Core Facility. 891 

2. Toulouse: Library preparation was also based on Genomic Resources Development 892 

Consortium et al.72. In contrast to the protocol mentioned above, 40 – 200 ng of 893 

genomic DNA were used, sub-libraries were sheared for 45 s in Covaris® M220, only 894 

10 PCR cycles were conducted, and sequencing was performed on an Illumina HiSeq 895 

3000 (paired-end, 150 bp, 96 individuals / lane) at the GenoToul Sequencing Platform 896 

Facility (Toulouse, France). 897 

3. Idaho: Library preparation was based on Ali et al.74. Specifically, 50 ng of genomic 898 

DNA were digested with the SbfI restriction enzyme (New England Biolabs) and 899 

subsequently ligated to custom biotinylated and barcoded adapters. 48 samples were 900 

pooled and sheared with a Covaris® M220 to an average target size of 400 bp. 901 

Fragments were subsequently enriched with streptavidin beads, and libraries were 902 

prepared with the NEBNext Ultra DNA Library Prep Kit (New England Biolabs). Final 903 

libraries were paired-end sequenced (150 bp, 48 – 96 individuals / lane) on an Illumina 904 

HiSeq 4000 at the Vincent J. Coates Genomic Sequencing Laboratory of the University 905 

of California, Berkely, or at the Duke Center for Genomics and Computational Biology 906 

Sequencing Facility. 907 

 908 

Species delimitation (Supplementary Figs. 23 to 27) 909 

Genomics (isolation-by-distance): 910 

The introduced statistical test quantifies patterns of IBD between versus within taxa, assessing 911 

whether genetic distances between individuals of candidate species deviate from a model of 912 
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intraspecific spatial genetic structure. To account for the genome-wide variation of the 913 

genealogical process, we quantified IBD across genomic regions by dividing genomic data 914 

into contiguous windows containing a fixed number of SNPs (Extended Data Fig. 1a). We 915 

visualised similarity in relatedness among windows using multidimensional scaling (MDS; 916 

Supplementary Fig. 24). The MDS plot was generated from a relatedness dissimilarity matrix 917 

among windows, given by the Euclidean distance in the relative position of each individual 918 

across windows as defined by the two main components of window-based PCAs. MDS was 919 

performed using the functions eigen_windows, pc_dist and cmdscale from the R package 920 

‘lostruct’ v0.0.0.900075. 921 

We used the normalised root mean square error (NRMSE) to quantify deviations of 922 

observed genetic distances between candidates from those predicted by the geographic clines 923 

in genetic distance within candidates (Extended Data Fig. 1bc). The NRMSE normalises 924 

genetic distances between and within candidates by the range of observed distances between 925 

candidates, thus facilitating comparisons among species complexes with different IBD scales 926 

within candidates. The predicted values were obtained from the linear regression model fitted 927 

to the within-taxon geographic and genetic distances. More specifically, given a genomic 928 

window i, pairwise comparisons within candidate 1 (n1), within candidate 2 (n2), and between 929 

candidates (n3), we fitted a linear regression model for n1 and n2, separately: 930 

ଵݕ = ݉ଵݔଵ + ܾଵ and ݕଶ = ݉ଶݔଶ + ܾଶ 931 

where x1 and x2 are the pairwise geographic distances (natural logarithm) within candidate 1 932 

and candidate 2, respectively, and y1 and y2 are the corresponding pairwise average number 933 

of nucleotide differences (π). m and b are the coefficients of the fitted models, which are 934 

estimated via a least-squares approach. For instance, for candidate 1, we would estimate: 935 

݉ଵ = భ(∑௫భ௬భ)ି(∑௫భ)(∑௬భ)

భ൫∑௫భమ൯ି൫∑௬భమ൯
మ  and ܾଵ = ∑௬భିభ(∑௫భ)

భ
 936 

Then, the predicted values of the pairwise genetic distances between candidates (ݕଷෞ) were 937 

obtained from the corresponding observed pairwise geographic distances (x3) using the 938 

following expressions: 939 

ଷ(ଵ)ෟݕ = ݉ଵݔଷ + ܾଵ and ݕଷ(ଶ)ෟ = ݉ଶݔଷ + ܾଶ 940 

Ultimately, we used the predicted (ݕଷෞ) and observed (y3) pairwise genetic distances between 941 

candidates for computing NRMSE: 942 

ଵܧܵܯܴܰ =

ඨ∑ ൫ݕଷ(ଵ)ෟ ଷ൯ݕ−
ଶ

య
݊ଷ

൫ݕଷ௫ − ଷ൯ݕ
 943 
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The fitting of the linear regression model and prediction of genetic distances between 944 

candidates were performed with the R functions lm and predict.lm, respectively. Ultimately, 945 

we combined NRMSE estimates across all genomic windows to generate two NRMSE 946 

distributions for a given candidate pair, each obtained from the comparison with the 947 

intraspecific genetic diversity of one of the two candidates (Supplementary Fig. 25), which 948 

were then compared to the reference distributions (Extended Data Fig. 1d). While two 949 

reference distributions were obtained this way from M. lehilahytsara and M. mittermeieri, a 950 

different approach was used to generate the reference distribution from M. tavaratra. More 951 

specifically, genetic distances between individuals were classified into “between” and “within” 952 

(representing the majority of comparisons between fragmented and within continuous 953 

populations, respectively), using k-means clustering (Supplementary Fig. 23cd). To quantify 954 

the discontinuity in IBD that could be expected in a spatially structured yet interconnected 955 

species, the NRMSE was then calculated across genomic windows based on these two 956 

clusters, resulting in only one reference NRMSE distribution. 957 

We consider M. tavaratra and M. lehilahytsara (incl. M. mittermeieri) appropriate 958 

reference systems because they are relatively widely distributed, comprise both larger 959 

continuous and smaller fragmented populations and are therefore hypothesised to exhibit 960 

comparably high intraspecific variation in taxonomic characters16,18,21,40,76, that can serve as a 961 

an empirical null-model of variation to conservatively delimit species. In addition, their 962 

population genomic structure is well-characterised, with clear patterns of isolation-by-distance 963 

and/or gene flow between populations and no evidence for the presence of diverging lineages 964 

or potential candidates within these species (see Supplementary results and discussion: 965 

Species delimitation and diagnosis and Extended Data Fig. 3 for more information on M. 966 

lehilahytsara and M. mittermeieri, and Supplementary Fig. 23 for M. tavaratra). Although the 967 

plot of genetic vs. geographic distances in Supplementary Fig. 23c does indicate a 968 

discontinuity (i.e., gap between comparisons given in blue and red), higher genetic distances 969 

(red) are not attribuSupplementary Table only to two or few geographically separated 970 

populations, which we would expect if allopatric speciation explained the discontinuity. Rather, 971 

they represent comparisons between several forest patches at varying distances to each other 972 

(Supplementary Fig. 23d), even though we acknowledge that comparisons involving one of 973 

three sampling sites (named X, Y and Z) are overrepresented. Moreover, comparisons among 974 

these forest patches also provide several data points with lower genetic distances (i.e., blue 975 

data points are not only stemming from comparisons within forest patches), and this includes 976 

sites X, Y and Z. Taken together, the observed genetic structure in M. tavaratra can more 977 

likely be explained by stochastic processes and (recent) habitat fragmentation across the 978 

entire distribution of the species than by allopatric speciation between geographically isolated 979 

lineages. 980 
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 981 

Supplementary Figure 23: Population genetic structure of M. tavaratra. a, Map of the species 982 
distribution across forest fragments (left) and phylogeny inferred from mtDNA indicating no 983 
major clusters (right; scale is substitutions per site); reproduced with permission of John Wiley 984 
& Sons, Inc. from Sgarlata et al.21. b, Maximum likelihood inference conducted in this work 985 
(5% maximum missing data) does not indicate major clusters either (node labels represent 986 
percent SH-aLRT/ultrafast bootstrap support if below 100; scale is substitutions per site), 987 
unlike in other candidate groups that are separated by comparably long branches (e.g., M. 988 
mamiratra, M. margotmarshe and M. sambiranensis). c, Genetic distances tend to increase 989 
linearly with the log of geographic distances (isolation-by-distance; IBD). Labelling of 990 
comparisons into “between” and “within” was done via k-means clustering of genetic distances 991 
and used for the NRMSE IBD analysis (see Methods). d, Geographic representation of data 992 
points in panel c (pairwise comparisons labelled as “between” and “within” are connected by 993 
red and blue edges, respectively). Although three sampling sites (named X, Y and Z) account 994 
for the majority of comparisons labelled as “between”, the latter are not restricted to these 995 
sites but involve several additional forest patches. Conversely, comparisons among these 996 
forest patches also provide several data points labelled as “within”, including the sites X, Y 997 
and Z. This does not indicate allopatric speciation between geographically isolated lineages 998 
or the presence of candidate species in M. tavaratra. 999 
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 1000 

Supplementary Figure 24: Window-size selection and multidimensional scaling on genomic 1001 
windows-based PCA. a, Changes in signal - error ratio with genomic window size, reaching a 1002 
plateau at about 1,000 SNPs. Grey shading indicates 95% confidence interval. b, 1003 
Multidimensional scaling of PCAs computed across genomic windows of 1,000 SNPs. Labels 1004 
correspond to ten randomly selected windows. c, PCAs of the ten randomly selected windows 1005 
shown in panel b. 1006 

  1007 
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 1008 

Supplementary Figure 25: Normalised root mean square error (NRMSE) distributions of 1009 

within and between candidate isolation-by-distance (IBD) across Microcebus candidate 1010 

species pairs and different window sizes: a, 500 SNPs. b, 1,000 SNPs. c, 2,000 SNPs. Taxon 1011 

names refer to the first three letters of the candidate species epithet. For each pair, two 1012 

distributions are shown, as the NRMSE has been calculated with respect to intraspecific 1013 

patterns of IBD in each taxon. Vertical dashed lines correspond to 0.95 quantiles of M. 1014 

tavaratra, M. lehilahytsara and M. mittermeieri NRMSE distributions, which were used as 1015 

thresholds for species delimitation (see Methods in main text). 1016 

 1017 

Genomics (genealogical divergence index): 1018 

While we followed Jackson et al.77 in using a gdi of 0.2 as a threshold for synonymisation, we 1019 

urge caution as this value likely underestimates the minimum gdi for mammalian species 1020 

differentiation. Jackson et al. offer a single rule of thumb for all taxa despite large variation in 1021 

gdi across orders. Mammals generally seem to exhibit higher gdi than birds and insects. In 1022 

addition, although the upper threshold value is relatively well justified in Jackson et al. (i.e., 1023 

“the upper quartile range of gdi values observed for groups identified as ‘populations’ in the 1024 

178 empirical datasets never rises above 0.66, suggesting that a gdi value above ∼0.7 signals 1025 

that speciation has likely occurred”), the lower estimate lies far from its justified value (i.e., 1026 

“two species are never inferred with high AIC weight when the gdi is below ∼0.3”). Useful rules 1027 

of thumb should be tailored to specific taxonomic groups based on their gdi distribution. A one-1028 

size-fits-all approach is prone to misinterpretations. Therefore, we advocate further research 1029 

to estimate a more appropriate gdi threshold for synonymisation of mammal taxa, which will 1030 
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aid distinguishing intraspecific lineages with limited divergence from those undergoing 1031 

speciation. 1032 

 1033 

Reproductive activity: 1034 

Differentiation in reproductive activity can be a key factor of speciation. In many cheirogaleid 1035 

species, reproductive activity is highly synchronised, with slight temporal shifts potentially 1036 

causing reproductive isolation78. We therefore assembled 2,354 presence/absence records of 1037 

oestrus, pregnancy or lactation in females and of enlarged testes in males at the time of 1038 

capture (1,006 male and 1,348 female records across 24 described Microcebus species) from 1039 

our own research and the literature (Supplementary Table 16). For literature records without 1040 

specific dates of assessment, the time period mentioned (e.g., first half of October) was 1041 

covered in five-day steps to represent assessments of that period as an approximation (e.g., 1042 

October 5th and October 10th as approximated dates of assessment). These data partly 1043 

included re-assessments of the same individuals across a longer study period, but also 1044 

singular assessments at the day of capture without later recapture. Following Rina Evasoa et 1045 

al.19, the presence of oestrus, pregnancy or lactation in females and the presence of enlarged 1046 

testes in males were used as reproductive indicators. For each candidate species and month 1047 

of the year, we estimated the proportion of reproductively active individuals (i.e., in oestrus for 1048 

females or with enlarged testes for males) and total individuals surveyed. Because lactation 1049 

and pregnancy can be diagnosed about 2 – 3.5 months and two months after oestrus, 1050 

respectively79,80, the corresponding dates were adjusted to obtain the approximate timing of 1051 

oestrus by subtracting 2 – 3.5 months and 1 – 2 months, respectively (effects of the adjustment 1052 

method on inferred reproductive activity are illustrated in Supplementary Fig. 26). Confidence 1053 

intervals were estimated using Wilson’s method, implemented in the function binom.confint of 1054 

the R package ‘binom’ v1.1-1.181.   1055 
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 1056 
Supplementary Figure 26: Female and male reproductive schedules across Microcebus 1057 
candidate species. a, Females with adjustment of 2 months for lactation and 1 month for 1058 
pregnancy. b, Females with adjustment of 3.5 months for lactation and 1 month for pregnancy. 1059 
c, Females with adjustment of 2 months for lactation and 2 months for pregnancy. d, Females 1060 
with adjustment of 3.5 months for lactation and 2 months for pregnancy. e, Male reproductive 1061 
schedule. x-axis: month (1 – 12). y-axis: proportion of reproductive individuals (females: 1062 
oestrous; males: with enlarged testes). Grey histograms indicate sample size. Coloured 1063 
polygons delimit the confidence interval around the proportion of reproductive individuals 1064 
according to Wilson’s method. 1065 

 1066 

Acoustic communication: 1067 

Acoustic communication can be crucial for species recognition or mate choice. Accordingly, 1068 

bioacoustic tools have already been used in diverse animal species to study or clarify 1069 

taxonomic questions (e.g., insects82, anurans83, mammals84,85). Therefore, we retrieved 1070 

acoustic data from the sound archive of the Institute of Zoology of the University of Veterinary 1071 

Medicine Hannover, Foundation for two clades, comprising the candidate species M. 1072 

bongolavensis, M. danfossi and M. ravelobensis (alert calls) and M. ganzhorni, and M. murinus 1073 
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(advertisement calls), respectively. Data were obtained during behavioural studies at different 1074 

locations in Madagascar and in the captive Microcebus breeding colony of the Institute of 1075 

Zoology, which clusters genetically with M. ganzhorni (see Mmur_Rhodos_S12 and 1076 

Mmur_Gina_S12 in Supplementary Figs. 1 to 5). The housing conditions of the breeding 1077 

colony were regularly licensed and proved by the local veterinary authorities (licence no.: 1078 

42502/1TiHo). Depending on the respective legislation for the year of recordings, studies were 1079 

performed in accordance with the law of the European Community regulations on the 1080 

protection of experimental animals and the guidelines of the German Animal Welfare Act and 1081 

approved by the Niedersächsisches Landesamt für Verbraucherschutz und 1082 

Lebensmittelsicherheit (LAVES), Germany (licence no.: AZ33. 19-42502-11A117; 33.12-1083 

42502-04-14/1454). Details on sampling locations, recording conditions and sample sizes are 1084 

summarised in Supplementary Table 17.  1085 

Acoustic measurements were performed in PRAAT v5.4.0.486 using custom scripts. 1086 

Since different call types were available for the two clades (i.e., alert vs. advertisement calls), 1087 

acoustic parameters and settings were adapted to the respective acoustic structure 1088 

(Supplementary Table 23). Alert calls (Tsak) are harmonic up- and down modulated calls 1089 

produced in series of up to 100 calls (Supplementary Fig. 7). To avoid pseudoreplication in 1090 

this kind of analysis, a maximum of two Tsak calls per series was selected. Tsak calls were 1091 

band-pass filtered (75 – 60,000 Hz) and, for each call, eight acoustic parameters were 1092 

measured (Supplementary Tables 23 and 24; see also Hasiniaina et al.32 for details). 1093 

Advertisement calls (Trill) are complex modulated sounds which consist of bouts of up to 30 1094 

syllables which differ in their frequency contour with the first syllable showing the highest 1095 

variability (Supplementary Fig. 7). Trill calls were recorded with a Nagra IV-SJ tape recorder, 1096 

which can only record calls up to 48 kHz. We therefore resampled all calls to the same 1097 

sampling frequency of 96 kHz and conducted a band-pass filtering with a range of 9 – 45 kHz. 1098 

We measured eight acoustic parameters characterising the first syllable of the call and four 1099 

additional parameters characterising the whole call (Supplementary Tables 23 and 24). The 1100 

available calls were recorded with different systems (e.g., analogue versus digital; different 1101 

microphone sensitivities), which could hamper analytical power. To test for disturbing effects, 1102 

we compared total duration and maximum fundamental frequency between the analogue and 1103 

digital recording equipment for M. murinus (north) using linear mixed effect models which 1104 

controlled for repeated measurement of the same individuals. Both parameters did not differ 1105 

significantly between recording equipment (t ≤ 0.540, p ≥ 0.598). Visual inspections of the 1106 

boxplots showed that vocalisations of the same location but recorded with different equipment 1107 

were more similar (M. murinus (north): analogue versus digital) than vocalisations recorded in 1108 

different locations using the same equipment (analogue: M. murinus (north) versus M. murinus 1109 

(central); digital: M. murinus (north) versus M. ganzhorni; Supplementary Fig. 27), suggesting 1110 
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that measurement bias had a negligible effect on our analysis. We therefore pooled all 1111 

vocalisations per location for further analyses.  1112 

Following the procedure of morphological and climatic niche analyses, we constructed 1113 

n-dimensional hypervolumes from the different call parameters and measured the maximum 1114 

value of asymmetric overlap between sister candidate species87,88 (Supplementary Table 1115 

S25). To account for multicollinearity, we performed PCA beforehand and used the resulting 1116 

PCs as input variables to the calculation of hypervolumes. 1117 

 1118 

 1119 

Supplementary Figure 27: Boxplots of the total duration (a) and the maximum fundamental 1120 
frequency F0 (b) of Trill calls measured by different recording systems in the candidates M. 1121 
murinus (north), M. murinus (central) and M. ganzhorni (n = 91 for each taxon; M. murinus 1122 
(north): nanalogue = 64 and ndigital = 27). Box plots show the interquartile range (coloured boxes) 1123 
with the median (black line) and quartiles plus 1.5 times the interquartile range (whiskers). 1124 
Data points outside this range (outliers) are represented by black dots. 1125 

 1126 

Divergence time estimation 1127 

While external evidence such as fossils is considered the gold standard for calibrating 1128 

evolutionary distances in substitutions per site to substitutions per absolute time units, such 1129 

calibrations are not available for the genus Microcebus, Lemuriformes, or older primate 1130 

divergences. Given that only external calibrations are available for the sister group 1131 

Lorisiformes and the nearest crown group, calibration is not available until Euarchontoglires 1132 

(see reviews of evidence in Appendix 1 of dos Reis et al.42 and Supplementary Table S1 of 1133 

dos Reis et al.89). In addition, because of the recent divergences among Microcebus species 1134 

evident from their genetic distances and previous studies8,16, there is considerable risk that 1135 
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conventional analyses with clock models would be compromised by biases towards older 1136 

calibrations43, on top of the technical biases that could be introduced by combining RADseq 1137 

data with published genome assemblies. There is also the reasonable expectation that 1138 

ignoring the coalescent process for the genus Microcebus, where internal branch lengths 1139 

between speciation events are short, would overestimate the species split times45. Therefore, 1140 

we applied a strategy to estimate divergence times that avoids the biases of much older 1141 

external calibrations and concatenation by accounting for incomplete lineage sorting with the 1142 

MSC model and transforming branch lengths from substitutions per site to substitutions per 1143 

year based on external evidence from per-generation de novo primate mutation rates and 1144 

Microcebus generation times. 1145 

Following Poelstra et al.16, we used a mutation rate of 1.236 x 10-8 per site per 1146 

generation and a generation time of 3.5 years to convert ߬  to years. To explore how uncertainty 1147 

in these estimates affects inferred divergence times, we also did the conversion using a 1148 

gamma distribution with a mean of 1.236 x 10-8 and a variance of 0.107 x 10-8, as well as a 1149 

lognormal distribution with a mean of ln(3.5) and a standard deviation of ln(1.16) for mutation 1150 

rate and generation time, respectively. The mutation rate distribution is based on the mean of 1151 

estimates found in different primates while roughly capturing their variance90–96. We did not 1152 

use the point estimate of 1.52 x 10-8 per site per generation given for Microcebus murinus in 1153 

Tiley et al.90 because it might be inflated96 and there is likely variation in germline mutation 1154 

rates among individuals within a species and over time97. For generation times, data are much 1155 

more difficult to gather, with only two studies at the time of writing that provide estimates from 1156 

wild populations68,98. The lognormal distribution was constructed to be centred on the midpoint 1157 

of the means from both studies (3.5 years), with variance adjusted to encompass the range. 1158 

A lognormal distribution was chosen as we assume a skew such that more individuals on the 1159 

early end of reproductive maturity are contributing to the population than older individuals. It 1160 

ultimately assumes a time to reproduction of about two years and that few individuals 1161 

reproduce beyond six years.   1162 
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Modelling morphological and climatic niche evolution (Supplementary Figs. 28 to 29) 1163 

 1164 
Supplementary Figure 28: Empirical distribution of each morphometric variable and species 1165 
in the dataset with seven variables. Row names refer to the first four letters of the candidate 1166 
species epithet. 1167 
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 1168 
Supplementary Figure 29: Empirical distribution of each bioclimatic variable and 1169 
species.  Row names refer to the first four letters of the candidate species epithet. bio03: 1170 
isothermality; bio04: temperature seasonality; bio05: maximum temperature of warmest 1171 
month; bio06: minimum temperature of coldest month; bio12: annual precipitation; bio15: 1172 
precipitation seasonality; bio16: precipitation of wettest quarter; bio17: precipitation of driest 1173 
quarter.  1174 
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