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Abstract 70 

Species delimitation is ever more critical for assessing biodiversity in threatened regions of the 71 

world, with cryptic species offering one of the greatest challenges. Our study focuses on a 72 

conservation hotspot in northeastern Madagascar where at least five species of mouse lemur 73 

(Microcebus spp.) occur, some of them in sympatry. One of these, M. jonahi, is described here as 74 

new to science and is accompanied by a complete genome. While morphometric analyses 75 

confirmed the cryptic nature of taxa, phylogenetic and population genetic analyses clarified 76 

species boundaries despite some interspecific gene flow, including introgression of mtDNA. The 77 

sister species pair that includes M. jonahi passed all tests of species delimitation, whereas the 78 

other pair showed more marginal results. This is at least partially due to differences in effective 79 

population sizes, which affect coalescence rates and thus influence the recently introduced 80 

genealogical divergence index (gdi). Whole-genome and RADseq analyses suggest a precipitous 81 

decline in effective population sizes associated with successive divergence events of lineages 82 

leading to the micro-endemics M. jonahi and its sister species, giving rise to grave conservation 83 

concern for both. Finally, our study demonstrates the power of genomic species delimitation 84 

approaches for revealing hidden evolutionary processes in cryptic species complexes. 85 

 86 

Keywords: effective population size, Microcebus jonahi, cryptic species, multispecies coalescent, 87 

species delimitation, speciation  88 
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Introduction 89 

The investigation of evolutionary mechanisms that drive speciation heavily depends on 90 

accurately delimiting species. In the past decade, both the theory and the methods for species 91 

delimitation have seen substantial progress and stimulating debate (Yang and Rannala 2010; 92 

Edwards and Knowles 2014; Barley et al. 2017; Sukumaran and Knowles 2017; Jackson et al. 93 

2017; Luo et al. 2018; Leaché et al. 2019). In parallel, genomic technologies have yielded a 94 

powerful toolkit for examining complex evolutionary processes with sophisticated statistical 95 

approaches, such as detecting the presence and magnitude of gene flow before or after speciation 96 

events (Payseur and Rieseberg 2016; Dalquen et al. 2017; Wen et al. 2018).  97 

 98 

Mouse lemurs (Microcebus spp.) provide an intriguing system for investigating the evolutionary 99 

processes that give rise to new species, given that they show patterns of rapid diversification, 100 

cryptic morphology, and overlapping geographic distributions (e.g., Zimmermann et al. 1998; 101 

Rasoloarison et al. 2000; Radespiel et al. 2008). More generally, Madagascar is a global 102 

biodiversity hotspot (Myers et al. 2000; Goodman and Benstead 2005; Estrada et al. 2017) that is 103 

severely threatened (e.g., Schwitzer et al., 2014, Waeber et al. 2016) and thus species delimitation 104 

in mouse lemurs is of direct conservation interest. Mouse lemurs are small-bodied (approximately 105 

40 - 80 g), nocturnal primates whose high species diversity was long overlooked due to their 106 

cryptic nature (Zimmermann and Radespiel 2014). With the introduction of genetic analyses, it 107 

became feasible to identify diverging lineages despite minimal morphological differences. This 108 

has led to the description of many new species of mouse lemur, with a total of 24 species now 109 

recognized (Zimmermann et al. 1998; Rasoloarison et al. 2000; Yoder et al. 2000; Olivieri et al. 110 
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2007, Louis et al. 2006, 2008; Radespiel et al. 2008, 2012, Rasoloarison et al. 2013, Hotaling et 111 

al. 2016, Louis and Lei 2016).  112 

 113 

Many taxonomic descriptions have relied strongly, if not entirely, on mitochondrial sequence 114 

divergence to delimit species. This approach is widely regarded as problematic, however, given 115 

that the mitogenome represents only a single, non-neutral, non-recombining locus whose gene 116 

tree may not represent the underlying species tree (e.g., Pamilo and Nei 1988; Maddison 1997). 117 

Mitochondria are also maternally inherited and therefore susceptible to effects of sex-biased 118 

dispersal (e.g., Dávalos and Russell 2014), which is prevalent in mouse lemurs (Radespiel et al. 119 

2001). To further complicate matters, previous attempts to resolve relationships using sequences 120 

from nuclear markers were not successful due to high gene tree discordance consistent with 121 

strong incomplete lineage sorting (e.g., Heckman et al. 2007; Weisrock et al. 2010). But now, 122 

with modern sequencing techniques, investigators can sample thousands of loci across multiple 123 

individuals, which provides power for simultaneously resolving phylogenetic relationships and 124 

for estimating demographic parameters such as divergence times, effective population sizes, and 125 

rates of gene flow — even among closely related species (e.g., Pedersen et al. 2018; Palkopoulou 126 

et al. 2018). 127 

 128 

The power of genomic data for delimiting species has been further enhanced by methods that 129 

leverage the multispecies coalescent (MSC) model (Pamilo and Nei 1988; Rannala and Yang 130 

2003). Even so, recent work has pointed out that MSC methods, such as BPP (Yang and Rannala, 131 

2010; Flouri et al., 2018) do not consider an alternative hypothesis of strong population structure 132 

when assigning species boundaries (Sukumaran and Knowles 2017; Jackson et al. 2017; Leaché 133 

et al. 2019; Chambers and Hillis 2019). To overcome this issue, Jackson et al. (2017) proposed a 134 
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heuristic criterion, the genealogical divergence index (gdi), with Leaché et al. (2019) further 135 

suggesting that gdi helps to differentiate between species-level divergence and population 136 

structure. These analytical developments are crucial to our ability to recognize mechanisms that 137 

drive the speciation process, despite the challenge of separating evolutionary lineages without 138 

universally agreed criteria (de Queiroz 2007).  139 

 140 

Though mouse lemurs have been extensively studied in western Madagascar (e.g., Zimmermann 141 

et al. 1998; Rasoloarison et al. 2000; Olivieri et al. 2007), the diversity and geographic 142 

distributions of species along the eastern coast have only recently received as much attention. 143 

Studies from the past decade show that this region contains rich species diversity for mouse 144 

lemurs, with several new species described (Kappeler et al. 2005; Louis et al. 2006; Radespiel et 145 

al. 2008, 2012; Rasoloarison et al. 2013; Hotaling et al. 2016). In particular, Radespiel et al. 146 

(2008) surveyed the forests of the Makira region (Fig. 1) and found evidence for three 147 

different lineages occurring in sympatry, a phenomenon previously undocumented for mouse 148 

lemurs. One of these was identified as M. mittermeieri, while the second was newly described as 149 

M. macarthurii. A third lineage (M. sp. #3) was hypothesized to be a new species based on 150 

mitochondrial DNA (mtDNA) sequence data but could not be formally described given that only 151 

a single individual was sampled. 152 

 153 

In this study, we revisit the Radespiel et al. (2008) findings by expanding the geographic and 154 

species-level sampling to reconstruct the evolutionary history of the mouse lemur lineages 155 

inhabiting this region and to test the hypothesis that M. sp. #3 represents a new species.  We also 156 

provide a novel whole genome for this hypothesized new species thus allowing for a detailed 157 

conservation genomic analysis. Our study therefore represents the most intensive examination to 158 
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date of speciation dynamics within this cryptic species radiation, with the additional benefit of 159 

yielding an intimate view of conservation dynamics in a biodiversity hotspot in northeastern 160 

Madagascar.161 
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Materials and methods 162 

Study sites and sampling 163 

Microcebus individuals were sampled between 2008 and 2017 at seven rain forest sites (50-979 164 

m a.s.l.; Kottek et al. 2006) in the Analanjirofo and Sava regions of northeastern Madagascar 165 

(Fig. 1; Tab. S1). All study sites harbor a variety of habitats ranging from undisturbed 166 

near-primary rain forest to heavily degraded secondary shrub-, grass- and fern-lands (Radespiel et 167 

al. 2008; Miller et al. 2018; Schüßler et al. 2018). Additional samples were used from 168 

Riamalandy, Zahamena National Park (NP), Betampona Strict Nature Reserve (SNR) and 169 

Tampolo (Louis et al. 2006; Weisrock et al. 2010; Louis and Lei 2016; Fig. 1). With this 170 

sampling strategy, we expect to detect all mouse lemur species that occur in the region. These are 171 

(from north to south) M. mittermeieri, M. macarthurii, M. sp. #3, M. lehilahytsara and M. 172 

simmonsi (Fig. 1). Microcebus murinus, which occurs throughout western and southern 173 

Madagascar, was used as an outgroup for the analyses. 174 
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 175 

Figure 1: Sampling sites in northeastern Madagascar. New sampling locations are marked with *. The 176 

region coincides with a conservation hotspot for lemurs (see heat map in the inlay with warm colors 177 

representing conservation concern based on predicted range shifts in a large number of lemur species 178 

reproduced from Brown and Yoder 2015). Forest cover in 2018 derived from Schüßler et al. (under 179 

review). 180 

 181 
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Sequencing, assembly, and annotation of a M. sp. #3 draft genome 182 

The genome of one individual of M. sp. #3 sampled from Mananara-Nord NP (Tab. S2) was 183 

sequenced with a single 500bp insert library on a single lane of an Illumina HiSeq 3000 with 184 

paired-end 150bp reads. We used MaSuRCA v3.2.2 (Zimin et al. 2013) for contig assembly and 185 

SSPACE (Boetzer et al. 2011) for scaffolding, which uses BOWTIE (Langmead et al. 2009) to 186 

realign short reads to the de novo assembly in order to potentially correct erroneously joined 187 

contigs. Quality control and annotation of the draft genome is described in the Supplementary 188 

Material. Scaffolds potentially containing mitochondrial or X-chromosome sequence data were 189 

removed for downstream analyses (see Supplementary Methods). 190 

 191 

RADseq laboratory procedures and data processing 192 

We generated Restriction site Associated DNA sequencing (RADseq) libraries using the SbfI 193 

restriction enzyme, following three protocols (Supplementary Methods, Tab. S1). Cleaned 194 

sequences were aligned to M. sp. #3 genome and to the M. murinus mitogenome (Lecompte et al. 195 

2015; see Supplementary Methods for further details).  196 

 197 

We used two fundamentally distinct approaches for genotyping to ensure robustness of our 198 

results to variant calling errors. First, we estimated genotype likelihoods (GL) with ANGSD 199 

v0.92 (Nielsen et al. 2012; Korneliussen et al. 2014). ANGSD retains information about 200 

uncertainty in base calls, which alleviates some issues commonly associated with RADseq data 201 

such as unevenness in sequencing depth and allele dropout (Lozier 2014; Pedersen et al. 2018; 202 

Warmuth and Ellegren 2019). Second, we called genotypes with GATK v4.0.7.0 (dePristo et al. 203 

2011), and filtered GATK genotypes following the "FS6" filter of O‘Leary et al. (2018; see 204 

Supplementary Methods for further details).  205 
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 206 

Three mtDNA fragments [Cytochrome Oxidase II (COII), Cytochrome B (cytB), d-loop] were 207 

amplified and Sanger sequenced for additional phylogenetic analyses. For further details on 208 

sequencing and genotyping procedures, see the Supplementary Material. 209 

 210 

Mutation rate and generation time 211 

To convert coalescent units from BPP and G-PhoCS analyses into absolute times and population 212 

sizes, we used empirical estimates of mutation rate and generation time, but used uncertainty in 213 

estimates to construct distributions rather than using a single point estimate for BPP and G-214 

PhoCS results. For each sampled generation of the MCMC chain, we drew a random number 215 

from the mutation rate and generation time distributions, to better reflect our uncertainty in 216 

absolute estimates. A recent pedigree-based estimate of mutation rate in M. murinus (Campbell et 217 

al. 2019) found a mean of 1.64 x 10-8 with a 95% CI of 1.41 x 10-8 to 1.98 x 10-8. We roughly 218 

capture this mutation rate variation with a normal distribution that has a mean of 1.64 and a 219 

standard deviation of 0.08. For generation time, two estimates were available for Microcebus. M. 220 

rufus was estimated to have an average generation time of 4.5 years calculated from survival data 221 

(Zohdy et al. 2014; Yoder et al. 2016), and 2.5 years was estimated for M. murinus using average 222 

parent age based on capture-mark-recapture and parentage data in the wild (Radespiel et al. in 223 

revision). We used a lognormal distribution with a mean of ln(3.5) and standard deviation of 224 

ln(1.16). MSMC parameter estimates were converted using the point estimates. 225 

 226 

Phylogenetic analyses  227 

We used three phylogenetic approaches to infer relationships among lineages and to provide a 228 

framework for subsequent species delimitation analyses. Phylogenetic analyses were conducted 229 
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via (1) maximum likelihood (RaxML v8.2.11; Stamatakis 2014), (2) a MSC method that is 230 

statistically consistent and uses phylogenetic invariants (SVDquartets in PAUP v4a163, Chifman 231 

and Kubatko 2014), and (3) a full-likelihood MSC method for biallelic data that does not require 232 

joint gene tree estimation (SNAPP v1.3.0; Bryant et al. 2012). Analyses with RAxML and 233 

SVDquartets used all available individuals, whereas SNAPP analyses were only performed with 234 

subsets of individuals for computational feasibility. Specifically, a 12-individual dataset that used 235 

two samples per species, and a 22-individual dataset with four samples per species were analyzed 236 

with SNAPP (Tab. S1). All analyses used M. murinus samples as outgroup. Phylogenetic 237 

software details are given in the Supplementary Material. 238 

 239 

Species delimitation 240 

Model-based inference with the MSC 241 

We used SNAPP to test if the two pairs of sister taxa, M. sp. #3 – M. macarthurii and M. 242 

mittermeieri – M. lehilahytsara, could be delimited at the molecular level using Bayes factors 243 

(Leaché et al. 2014). Marginal likelihood estimation used stepping stone sampling (Xie et al. 244 

2011) with 20 steps for both the 12- and 22- individual datasets, and we interpreted 2ln Bayes 245 

factors greater than six as strong evidence for a given model (Kass and Raftery 1995). We tested 246 

two hypotheses: the first considered the two taxa in each species pair as separate species, and the 247 

second considered them as belonging to the same species. 248 

 249 

We also applied guided species delimitation analyses with BPP (Yang and Rannala 2010; 250 

Rannala and Yang 2013) based on the species tree estimated by SVDquartets and SNAPP but 251 

using analytical integration of population sizes (Hey and Nielsen 2007). MCMC options and 252 

prior choices for analyses are detailed in the Supplementary Material. Because BPP uses 253 
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substitution models not suitable for SNP data, we created full-sequence fasta files based on the 254 

GATK genotypes using a series of in-house scripts 255 

(https://github.com/jelmerp/msp3/tree/master/vcf2fullfasta; Supplementary Material). 256 

 257 

BPP parameter estimates from the 12-individual dataset with the MSC were used to compute the 258 

genealogical divergence index (gdi, Jackson et al. 2017; Leaché et al. 2019) for M. sp. #3 – M. 259 

macarthurii and M. lehilahytsara – M. mittermeieri. We calculated gdi as in Leaché et al. (2019), 260 

using their equation 7 (gdi = 1−e−2τ/θ), where 2τ/θ represents the population divergence time 261 

between taxa A and B in coalescent units, and θ is taken for a focal taxon (A or B). Again, as in 262 

Leaché et al. (2019), gdi was calculated twice for each species pair, using each species as the 263 

focal taxon once. We computed gdi using τ and θ parameter estimates for each posterior sample 264 

from independent BPP chains, to directly incorporate uncertainty in the τ and θ estimates. 265 

Jackson et al. (2017) suggested the following guidelines for the interpretation of gdi values: the 266 

focal taxon pair is unambiguously a single species for gdi < 0.2, is unambiguously two separate 267 

species for gdi > 0.7, and falls in an ambiguous zone for 0.7 > gdi < 0.2. 268 

 269 

Clustering approaches and summary statistics 270 

We performed model-based as well as naive clustering analyses in order to check for congruence 271 

with phylogenetic analyses, to identify intraspecific genetic structure, and to perform an initial 272 

exploration of gene flow or admixture between species. Clustering analyses were performed 273 

using corresponding methods based on ANGSD genotype likelihoods [clustering in NgsAdmix 274 

v32 (Skotte et al. 2013) and PCA in ngsTools va4d338d (Fumagali et al. 2013, 2014)], on 275 

GATK-called genotypes (ADMIXTURE v1.3.0; Alexander et al. 2009) and glPca (adegenet 276 

v2.1.1; Jombart 2008; Jombart and Ahmed 2011). These analyses were run separately for all 277 
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successfully sequenced samples for the five focal taxa (Tab. S1) and for a subset comprising 278 

only individuals from M. macarthurii and M. sp. #3. Heterozygosity and FST were estimated with 279 

the R packages adegenet v2.1.1 (Jombart 2008) and hierfstat (Goudet 2005) on variable sites 280 

inferred from ANGSD for comparison with clustering results.  281 

 282 

Morphometric analyses 283 

We measured 13 different morphometric parameters (ear length, ear width, head length, head 284 

width, snout length, inter- and intra-orbital distance, lower leg length, hind foot length, third toe 285 

length, tail length, body length and body mass) according to Hafen et al. (1998) and 286 

Zimmermann et al. (1998). Individuals were assigned to their respective taxon based on 287 

phylogenetic and clustering analyses. The morphological data of all captured and released adult 288 

mouse lemurs were compared among species and with data sets available from geographically 289 

neighboring species (Fig. 1). A linear discriminant analysis (LDA) was conducted to test for 290 

species differentiation based on morphometrics using the “MASS” R package (v7.3-51.3; 291 

Venables and Ripley 2002). Model fit was evaluated by a jackknife cross-validation and Wilks’ 292 

Lambda was computed to evaluate the LDA model. R² values were calculated using the 293 

“flipMultivariates” package (Displayr 2018) to document the proportion of variance per 294 

parameter that is explained by the species. Quantitative morphometric comparisons between taxa 295 

were performed for all measurements with a one-way ANOVA and a post hoc Tukey test. 296 

Assumptions of the respective tests were examined using Shapiro-Wilk and Levene’s tests in the 297 

R package car v3.0-2 (Fox and Weisberg 2011) beforehand. 298 

 299 

One limitation to the morphometric analyses is that body measurements of the different taxa were 300 

obtained by at least four researchers across the five different lineages, and it cannot be ruled out 301 
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that researchers may have differed slightly in how they applied the calipers. However, the same 302 

researcher contributed data points to more than one species in at least two cases (DS, DWR). 303 

 304 

Inference of interspecific gene flow 305 

The D-statistic and related formal statistics for admixture make use of phylogenetic invariants to 306 

infer post-divergence gene flow between non-sister populations or taxa. However, it is important 307 

to note that the D-statistic may also be influenced by ancient population structure and should thus 308 

be interpreted with care (Eriksson and Manica, 2012; Chikhi et al., 2018). We used admixtools 309 

v4.1 (Patterson et al. 2012) to compute four-taxon D-statistics (qpDstat program), which tests for 310 

gene flow between P3 and either P1 or P2 given the topology (((P1, P2), P3), P4). In order to test 311 

for gene flow between M. macarthurii and M. sp. #3, we separately treated (1) the two distinct M. 312 

sp. #3 population groups detected by clustering approaches, and (2) M. macarthurii individuals 313 

with and without “M. sp. #3-type” mtDNA (see Results). We also used all possible configurations 314 

in which gene flow between non-sister species among the five ingroup species could be 315 

evaluated. In all tests, M. murinus was used as P4 (outgroup). Significance of D-values was 316 

determined using the default Z-value reported by qpDstat, which is determined by weighted 317 

block jackknifing and is conservative for RADseq data given that linkage disequilibrium (LD) is, 318 

on average, expected to be lower across a pair of RADseq SNPs than across a pair of SNPs 319 

derived from whole-genome sequencing (Patterson et al. 2012; Kim et al. 2018). 320 

 321 

G‐PhoCS v1.3 (Gronau et al. 2011), a Bayesian MSC approach that incorporates introgression, 322 

was used to jointly infer divergence times, population sizes, and rates of gene flow between 323 

specific lineages. Because running G-PhoCS for all individuals was not computationally feasible, 324 

we performed separate runs for two sets of individuals: (1) a 3-species (and 12-individual) data 325 
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set with six M. sp. #3, three M. macarthurii, and three M. lehilahytsara individuals, wherein M. 326 

sp. #3 was divided into the two distinct population clusters detected using clustering approaches; 327 

and (2) the 5-species (and 12-individual) data set used for SNAPP and BPP. Details of the 328 

inference of gene flow are described in the Supplementary Material. 329 

 330 

Estimation of divergence times 331 

We used two approaches to estimate divergence times under the MSC model: (1) BPP v4.0.4 332 

(Flouri et al. 2018), which assumes no migration after the onset of divergence, and (2) G-PhoCS, 333 

which can accommodate migration between specific lineages and co-estimate migration rates and 334 

divergence times.  335 

 336 

Both BPP and G-PhoCS analyses used full-length RAD loci from the 12-individual dataset. The 337 

species tree recovered from phylogenetic analyses was fixed for parameter sampling. We 338 

required at least one individual per species to be present for each locus (on a total of 17,422 RAD 339 

loci) and all individuals were treated as unphased diploid sequences. We used diffuse priors, 340 

multiple chains, and checked for convergence (Supplementary Material). We also compared 341 

posteriors to marginal priors to check that parameter estimates were informed by the RADseq 342 

data and not only the priors. 343 

 344 

Inference of effective population sizes through time 345 

A number of studies have shown that population structure can generate spurious signals of 346 

population size change (Beaumont, 2004; Chikhi et al., 2010; Heller et al., 2013). For example, 347 

sequentially Markovian coalescent approaches such as MSMC accurately which is only 348 

equivalent to an effective size in panmictic models (Mazet et al., 2016; Rodriguez et al. 2018). 349 
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We therefore inferred and compared population size histories using several methods for the focal 350 

species M. sp. #3, for which we had whole-genome sequence data in addition to the RADseq 351 

data. For all species, we examined changes in Ne over time based on θ estimates from BPP and 352 

G-PhoCS for each predefined extant or ancestral population, which also allowed us to evaluate 353 

uncertainty in population size estimates due to migration. For M. sp. #3, we also estimated Ne 354 

over time with the Sequential Markovian Coalescent as implemented in MSMC (Schiffels and 355 

Durbin 2014) using the whole-genome data. A detailed description for these analyses is given in 356 

the Supplementary Material.  357 
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Results 358 

RADseq data and M. sp. #3 genome sequence 359 

This study demonstrates the utility of cross-laboratory RAD sequencing for primates, as 360 

previously shown in other taxa (e.g., Gonen et al. 2015). We used three different library 361 

generation protocols, two sequencing lengths, and a combination of single and paired-end 362 

sequencing, yielding highly compatible data for all 65 individuals included in the study. From 363 

more than 447 million raw reads (Tab. S1), over 394 million passed quality filters with 364 

approximately 182 million successfully aligned to the M. sp. #3 reference genome. There was an 365 

average of 120,000 loci per individual with coverage ranging from ~1 to ~22x (Tab. S1).  366 

 367 

We assembled approximately 2.5 Gb of nuclear genome sequence data for M. sp. #3 with a contig 368 

N50 around 36 Kb (Tab. S2). While the final assembly was fragmented, as expected for a 369 

single Illumina library genome, only 6.4% of mammalian BUSCOs were found to be missing. 370 

Annotation statistics were largely comparable to BUSCO analysis of the genome assembly. The 371 

genome sequence and associated gene annotations can be accessed through NCBI (Bioproject 372 

PRJNA512515). 373 
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 374 

Figure 2: Phylogenetic relationships and ancestry proportions 375 

(A) Maximum-likelihood RAxML tree of 55 samples represented by 4,060 bp of mtDNA recovered from 376 

RADseq and Sanger sequencing (Table S1). The gray shaded box highlights individuals of M. macarthurii 377 

with M. sp. #3 mtDNA haplotypes. (B) Clustering results using NgsAdmix at K = 6. (C) Maximum-378 

likelihood RAXML tree obtained using RADseq nuclear data (nDNA). For all trees, M. murinus is used as 379 

the outgroup. In (A) and (C), bootstrap support values >90% are indicated above each node as a red 380 

asterisk.   381 
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Phylogenetic relationships 382 

Five divergent lineages (M. simmonsi, M. lehilahytsara, M. mittermeieri, M. macarthurii, M. sp. 383 

#3) were confirmed to occur in the study region by phylogenetic approaches (Fig. 2). One 384 

lineage, M. sp. #3, is described here as new to science (see Species Description).  385 

 386 

RAxML, SVDquartets, and SNAPP analyses recovered well-supported monophyletic nDNA 387 

clades for M. simmonsi, M. macarthurii, and M. sp. #3 (Fig. 2; Fig. S1; Fig. S2), with 388 

M. sp. #3 as sister to M. macarthurii with 100% bootstrap support (RAxML and SVDquartets, 389 

Fig. 2; Fig. S2). In contrast, M. lehilahytsara and M. mittermeieri were not consistently 390 

monophyletic in RAxML analyses of nDNA (Fig. 2C) or mtDNA (Fig. 2A), both of which 391 

nested M. mittermeieri within M. lehilahytsara. SVDquartets analysis of nDNA placed an 392 

individual from Ambavala (B12) as sister to all other M. lehilahytsara and M. mittermeieri with 393 

weak bootstrap support (Fig. S2A). Unsurprisingly, species tree analyses with SNAPP (the 22-394 

individual dataset included B12 from Ambavala) recovered M. lehilahytsara as sister to M. 395 

mittermeieri with no topological uncertainty (Fig. S1). 396 

 397 

One case of mitonuclear discordance was found. Although mtDNA analyses placed several 398 

individuals from Anjiahely (see Fig. 1) in a well-supported clade with M. sp. #3 individuals from 399 

Ambavala, Mananara-Nord NP and Antanambe (Fig. 2A; see lower red box), analyses of the 400 

nuclear RADseq data placed them unambiguously within the M. macarthurii clade (Fig. 401 

2B,C). This suggests that individuals from Anjiahely belong to M. macarthurii yet carry two 402 

divergent mtDNA lineages, and that M. sp. #3 is only found from Ambavala to Antanambe 403 

(Fig. 1). The cause of potential mitonuclear discordance for M. macarthurii in Anjiahely was 404 

subject to further investigation (see below in the section “Interspecific Gene Flow”). 405 
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 406 

Species delimitation 407 

Genetic structure 408 

Clustering analyses (NgsAdmix and ADMIXTURE) at K = 5 grouped individuals into the five 409 

nominal species in accordance with phylogenetic results and FST estimates (Fig. S3; Fig. 410 

S4; Tab. S3), although some individuals were inferred to have ancestry from both M. 411 

mittermeieri and M. lehilahytsara (Fig. 2B). Using NgsAdmix, three or five clusters best 412 

explained the data (Fig. S3; Fig. S5), while using ADMIXTURE, three clusters had a 413 

slightly lower cross-validation error than five (Fig. S5). PCA readily distinguished all species 414 

(including the two sister species M. sp. #3 and M. macarthurii) across the first four principal 415 

components with both GATK genotypes (Fig. 3A,B) and ANGSD genotype likelihoods 416 

(Fig. S7). 417 

 418 

When restricting clustering analyses to M. macarthurii and M. sp. #3 individuals, K = 2 was the 419 

best-supported number of clusters using both approaches (Fig. S5; Fig. S6), which 420 

divided M. macarthurii and M. sp. #3 individuals into separate clusters. At K = 3, M. sp. #3 was 421 

split into two clusters individuals from Mananara-Nord NP and Antanambe on one hand and 422 

individuals from Ambavala on the other (Fig. S8). PCA analyses for this subset of individuals 423 

clearly distinguished these two groups along PC2 (Fig. 3C). Hereafter, we refer to these two 424 

groups as “southern M. sp. #3” (Mananara-Nord NP and Antanambe, which is south of the large 425 

Mananara river) and “northern M. sp. #3” (Ambavala, which is north of the river; Fig. 1). 426 

 427 
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Figure 3: Population genetic structure and the gdi.  

PCA analyses for (A, B) all five species and (C) restricted to M. sp. #3 and M. macarthurii individuals, the 

latter showing the split of the two population groups “northern” (Ambavala) and “southern” M. sp. #3 

(Antanambe and Mananara-Nord NP). (D) Genealogical divergence index (gdi) for M. macarthurii – M. sp. 

#3 and M. mittermeieri – M. lehilahytsara. gdi values > 0.7 suggest separate species; gdi values < 0.2 are 

below the lower threshold for species delimitation; 0.2 < gdi < 0.7 are in an “ambiguous” range (Jackson et 

al. 2017). Abbreviations: leh: M. lehilahytsara, mac: M. macarthurii, mit: M. mittermeieri, sim: M. simmonsi, 

sp3: M. sp. #3. 

 

SNAPP Bayes Factors 428 

Bayes factors strongly favored splitting M. sp. #3 and M. macarthurii into two separate species in 429 

the 22-individual analyses (2lnBF = 34,326.39, Tab. 1). This indicates that levels of gene flow 430 

between M. sp. #3 and M. macarthurii are low, considering that one migrant per generation 431 
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between species can erode evidence for species assignment under the MSC (Zhang et al. 2011). 432 

Bayes factors for the 22-individual dataset also supported splitting M. lehilahytsara and M. 433 

mittermeieri, albeit with much weaker support than the M. sp. #3 and M. macarthurii split (2lnBF 434 

= 993.06). All species assignments were also recovered by the guided delimitation analysis 435 

(Fig. S9). 436 

 437 

Table 1: Bayes factor support for sister species pairs.  438 

Marginal likelihoods were computed for a hypothesis of no speciation (Merge) and a hypothesis of a 439 

speciation event (Split). We tested both the M. sp. #3 - M. macarthurii lineages and M. lehilahytsara - M. 440 

mittermeieri species pairs with a 12- and 22-individual dataset. †Bayes factors calculated as 2 * (lnLSplit - 441 

lnLMerge). 442 

Species Pair Number of 
Individuals 

Merge Marginal 
lnL 

Split Marginal 
lnL 2ln Bayes factor† 

M. macarthurii -  
M. sp. #3 

12 -134254.14 -125601.69 17304.91 
22 -204540.32 -187377.12 34326.39 

M. lehilahytsara - 
M. mittermeieri 

12 -126515.89 -125601.69 1828.41 
22 -187873.65 -187377.12 993.06 

 443 

Genealogical divergence index (gdi) 444 

For the M. sp. #3 - M. macarthurii sister pair, gdi was 0.727 (95% HPD: 0.718-0.737) from the 445 

perspective of M. macarthurii (i.e. above the upper threshold for species delimitation), and 0.500 446 

(0.488-0.511) from the perspective of M. sp. #3 (i.e. in the upper ambiguous zone for species 447 

delimitation; Fig. 3D). In contrast, gdi values for the M. lehilahytsara - M. mittermeieri 448 

species pair were much lower and even below the lower threshold for species delimitation: 0.080 449 

(0.074-0.086) from the perspective of M. lehilahytsara, and 0.193 (0.187-0.201) from the 450 

perspective of M. mittermeieri (Fig. 3D). 451 

 452 
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Morphometric comparisons 453 

Though morphological distinctions are subtle, Microcebus sp. #3, M. macarthurii, M. simmonsi 454 

and M. mittermeieri can be statistically distinguished based on morphometrics (LDA: Wilks’ 455 

Lambda = 0.0175, F = 6.7941, P < 0.001; Fig. 4). Apart from ear length, all parameters 456 

contributed significantly to species assignments in the LDA model (P < 0.001), with body length 457 

and inter-orbital distance having the highest R²-values (Fig. 4, Tab. S4). Prediction 458 

accuracy of the jackknife cross-validated LDA model was 81%. Mis-classifications occurred with 459 

M. simmonsi, but not between the other three taxa (Tab. S5). All three linear discriminant 460 

functions were statistically significant of which the first (LD1) explained 69.3% of interspecific 461 

variation and LD2 and LD3 the remaining 23.7% and 7.0%, respectively. M. sp. #3 and M. 462 

macarthurii predominantly differed in five “head-associated” parameters (head width, inter- and 463 

intra-orbital distance, snout length, ear width, all larger in M. sp. #3) while limb proportions did 464 

not show significant differences (Fig. 4).  465 

 466 

Two out of three M. macarthurii individuals with mitonuclear discordance clustered 467 

morphometrically with the other M. macarthurii, whereas the third was positioned with M. 468 

simmonsi (Fig. 4).  469 
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Figure 4: Interspecific differences in morphometric parameters.  470 

Small plots: Comparisons based on one-way ANOVA (P < 0.001 for all parameters except ear length) and 471 

grouping (letters after values) according to Tukey post-hoc tests. For parameter values, see Table S4. 472 

Large plot in bottom right: Linear discriminant analysis (LDA) based on morphometric measurements (M. 473 

sp. #3, n = 11; M. macarthurii, n = 6; M. mittermeieri, n = 22; M. simmonsi, n = 7). Individuals of M. 474 

macarthurii with mitonuclear discordance and of M. lehilahytsara were not used to calculate the LDA 475 

model due to small sample sizes, their position was predicted using the LDA model (M. macarthurii, n = 3; 476 

M. lehilahytsara, n = 3). 477 

  478 
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Interspecific gene flow 479 

D-statistics suggested that northern M. sp. #3 and M. macarthurii share a slight excess of derived 480 

alleles in relation to southern M. sp. #3, significantly deviating from 0 for the comparison 481 

inferring gene flow between northern M. sp. #3 and M. macarthurii with “M. sp. #3-type” 482 

mtDNA (Fig. 5A). Using a G-PhoCS model with separate northern and southern M. sp. #3 483 

population groups, we found asymmetric gene flow between M. sp. #3 and M. macarthurii, and 484 

additionally inferred that (1) gene flow with M. macarthurii took place before as well as after the 485 

onset of divergence between northern and southern M. sp. #3, (2) gene flow between extant 486 

lineages occurs only between northern (and not southern) M. sp. #3 and M. macarthurii and (3) 487 

gene flow is asymmetric, predominantly into M. macarthurii (Fig. 5B). In a G-PhoCS model 488 

with all species, we additionally inferred gene flow from M. mittermeieri to M. lehilahytsara at 489 

higher levels than that from M. sp. #3 to M. macarthurii (Fig. 6A).  490 

 491 

Low levels of gene flow were also inferred between the M. sp. #3 - M. macarthurii clade and the 492 

M. mittermeieri - M. lehilahytsara clade, most likely between ancestral populations but the 493 

timing and direction of gene flow could not be determined in more detail (Supplementary 494 

Results; Fig. S10).  495 
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Figure 5: Gene flow between M. sp. #3 and M. macarthurii.  496 

(A) Four-taxon D-statistic suggesting gene flow between M. macarthurii (“mac”) and northern M. sp. #3 497 

(“sp3N”). In the lower comparison, M. macarthurii individuals with mitonuclear discordance (“mac*”), are 498 

treated separately. Axis annotations denote “(P1,P2),P3”, wherein gene flow is tested between P3 and 499 

either P1 (negative D) or P2 (positive D). The outgroup P4 was M. murinus for all tests. Significant 500 

comparisons (|Z| > 3) are in red. (B) Percentage of migrants in each generation, inferred by G-PhoCS 501 

under a model with three taxa: M. macarthurii sister to northern and southern M. sp. #3. Shade of gray of 502 

arrows and text reflect the relative amount of gene flow.   503 
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Divergence Times 504 

We estimated divergence times using the MSC model with BPP as well as G-PhoCS with and 505 

without interspecific gene flow (Fig. 6; Fig. S11). Results were similar across these 506 

approaches, although divergence times were estimated to be older in G-PhoCS models with 507 

migration compared to models without migration (Fig. 6). Specifically, the divergence time of 508 

M. sp. #3 and its sister taxon M. macarthurii was estimated at 50-109 kya (min. max. of 95% 509 

HPD across all models) without migration (Fig. 6; Fig. S11), but at 91-183 kya when 510 

incorporating gene flow between the two (Fig. 6). The effect of accounting for gene flow was 511 

particularly strong for divergence times between M. mittermeieri and M. lehilahytsara (Fig. 512 

6): while the estimated divergence time of M. mittermeieri and M. lehilahytsara without gene 513 

flow was highly similar to that between M. sp. #3 and M. macarthurii (50-97 kya; Fig. 6), it 514 

was estimated to be 250-478 kya in the presence of migration (Fig. 6). Ages of other nodes 515 

were not affected strongly by including migration into the MSC model. For example, the split 516 

between the last common ancestor of M. sp. #3 / M. macarthurii and the last common ancestor of 517 

M. mittermeieri / M. lehilahytsara / M. simmonsi was estimated to be 351-756 kya when not 518 

accounting for gene flow, and 348-648 kya when accounting for gene flow (Fig. 6D). These 519 

posterior estimates are likely not influenced strongly by the model priors based on comparison of 520 

marginal priors and posteriors across four BPP chains (Fig. S12). 521 

 522 

Population sizes through time 523 

Effective population sizes for extant as well as ancestral lineages were first estimated using BPP 524 

and G-PhoCS (with and without interspecific gene flow; Fig. 6A-C). We found large 525 

differences among species, with considerably larger effective population sizes for M. murinus 526 

(min. and max. 95% HPD across the BPP and both G-PhoCS models: 59-79 k), M. lehilahytsara 527 
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(63-139 k), M. mittermeieri (42-86 kya), and most ancestral lineages, than for M. sp. #3 (14-20 528 

k), M. macarthurii (6-10 k), and M. simmonsi (19-26 k). Wide HPD intervals for M. mittermeieri 529 

and M. lehilahytsara were due to differences between models that did and did not account for 530 

gene flow between these two species. Using the 3-species G-PhoCS model, effective population 531 

sizes were estimated separately for northern (14-41 k), southern (7-20 k), and ancestral (18-31 k) 532 

M. sp. #3 lineages (Fig. S10). An MSMC analysis for a single M. sp. #3 individual belonging 533 

to the southern group resulted in highly similar estimates of population sizes through time, 534 

showing a marked long-term decline towards the present (Fig. 6F). The estimated differences 535 

in recent effective population sizes across taxa were further reflected by differences in genetic 536 

diversity across populations (Fig. S13).  537 
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538 

Figure 6: Demographic histories inferred by G-PhoCS, BPP and MSMC.  539 

(A-C) Divergence times (y-axis) and effective population sizes (x-axis) inferred with and without migration. 540 

(D, E) Comparison of divergence times and effective population sizes for each node and lineage, 541 

respectively. “A” represents the lineage ancestral to M. simmonsi, M. mittermeieri and M. lehilahytsara, “B” 542 

represents the lineage ancestral to M. sp. #3, M. macarthurii, M. simmonsi, M. mittermeieri and M. 543 

lehilahytsara, and “root” represents the lineage ancestral to all six species included. (F) Effective 544 

population sizes through time for M. sp. #3 as inferred by MSMC for whole-genome data from a single 545 

individual (blue line), and by G-PhoCS for RADseq data for individuals from the same population group 546 

(southern M. sp. #3) in the 3-species model, with and without gene flow (yellow and gray lines, 547 

respectively).  548 
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Discussion  549 
The results of this study document rapid lineage diversification of mouse lemurs within a 550 

restricted region in Madagascar. Even though the species from the study region all diverged from 551 

their common ancestors within the past 500,000 years, two pairs of non-sister species occur 552 

sympatrically. Evidence supporting the divergent species identity of M. jonahi and its sister 553 

species M. macarthurii is much stronger than for a previously described species pair. 554 

Furthermore, a comparison of MSC models with and without gene flow produced different 555 

divergence age estimates and showed that differences in effective population size appear to have 556 

consequences for species delimitation. 557 

 558 

Strong support for M. sp. #3 as a separate species: M. jonahi 559 

Evidence for distinguishing M. sp. #3 as a separate species from M. macarthurii was strong and 560 

consistent across a variety of species delimitation approaches. The two lineages were found to be 561 

reciprocally monophyletic across all phylogenetic analyses of RADseq data (Fig. 2C; Fig. 562 

S1; Fig. S2), separated unambiguously in clustering analyses (Fig. 2B; Fig. 3; 563 

Fig. S3; Fig. S5-S7), had strong support for two separate species from SNAPP Bayes 564 

factors (Tab. 1) and BPP (Fig. S9), and passed the heuristic criterion of gdi (Fig. 3D). 565 

Nevertheless, these two lineages have diverged from each other relatively recently, with median 566 

estimates of the divergence time across three different models with and without gene flow all 567 

under 100 kya. While recent, it is important to keep in mind that if we were to transpose the 568 

number of generations in this divergence time to a “hominin scale” (with a generation time that is 569 

seven to ten times longer than that of mouse lemurs), this would correspond to a period longer 570 

than 500,000 years, close to the estimated divergence time between Neanderthals and Homo 571 

sapiens.  572 
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 573 

Though subtle, morphological evidence also supported the distinctiveness of M. sp. #3 in 574 

comparison to all other species that occurred in the same biogeographic region (Fig. 4). M. sp. 575 

#3 is differentiated from its sister species M. macarthurii in five out of 13 measured 576 

morphometric parameters. Differences between the two sister taxa predominantly appeared in 577 

head-associated parameters such as ear and head width, orbital distances, and snout length. It has 578 

been suggested that skull parameters vary with feeding habits in lemurs and strepsirrhine 579 

primates in general (e.g., omnivorous, folivorous or frugivorous etc.; Viguier 2004; Meloro et al. 580 

2015; Fabre et al. 2018). We hypothesize that the morphometric differences in head-associated 581 

parameters may indicate dietary and possibly cognitive differentiation between these two sister 582 

species (Zimmermann and Radespiel 2014). Based on these signatures of genomic and 583 

morphological distinctiveness, species status is supported for M. sp. #3 and a full species 584 

description using the name M. jonahi is given at the end of the manuscript. 585 

 586 

Signatures of gene flow between a recently diverged sister species pair 587 

Mitonuclear discordance was observed for a subset of M. macarthurii individuals from 588 

Anjiahely. Though having nDNA indistinguishable from other M. macarthurii at the same site, 589 

across phylogenetic and clustering analyses, these individuals carried mtDNA similar to that of 590 

M. sp. #3 (see Radespiel et al. 2008). And though genealogical discordance is not unexpected due 591 

to incomplete lineage sorting, the strength and direction of the disagreement suggests 592 

mitochondrial introgression, which was supported by D-statistics (Fig. 5A) and the inference 593 

of low levels of gene flow from the M. sp. #3 population north of the Mananara river into M. 594 

macarthurii by G-PhoCS (Fig. 5B). Therefore, the discovery of a divergent mtDNA lineage at 595 

Anjiahely (Radespiel et al. 2008; Fig. 1), which prompted the current work and led to the 596 
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discovery of a new species, appears to have been the result of local mtDNA introgression into its 597 

sister species. 598 

 599 

The roles of population size and gene flow in species delimitation 600 

In contrast to M. sp. #3 and M. macarthurii, we found only weak support for separate species 601 

status of M. lehilahytsara and M. mittermeieri. They showed paraphyly in ML and SVDquartets 602 

analyses (Fig. 2A,C; Fig. S2), were not as clearly separated in clustering analyses (Fig. 603 

2B; Fig. S3; S5; Fig. S6), and had weak Bayes factor support in SNAPP relative to M. 604 

sp. #3 and M. macarthurii (Tab. 1). Most strikingly, reciprocal gdi statistics were below the 605 

recommended lower range for diagnosing species status (Jackson et al. 2017; Leaché et al. 2019; 606 

Fig. 3D). We must therefore remain open to the possibility that boundaries between previously 607 

described species may be revealed as ambiguous in light of new methods and results. The 608 

methods used here thus do not necessarily lead to ever-increasing numbers of species, but rather 609 

offer a reasonable way forward in our effort to accurately delimit biodiversity. And, when 610 

coupled with other population genomic approaches, these methods offer insight into the complex 611 

demographic history of diverging populations that may be in the process of speciation. 612 

 613 

Even so, it should be emphasized, that most of the disparities in levels of support for species 614 

status between the two pairs of sister species may be a fundamental consequence of differences in 615 

effective population sizes, which are much larger for the M. mittermeieri / M. lehilahytsara pair 616 

than for the M. sp. #3 / M. macarthurii pair. The gdi is calculated using the population sizes and 617 

divergence times that are estimated without accounting for potential gene flow. Since those 618 

divergence time estimates are highly similar for both species pairs, the difference in gdi is largely 619 

the result of differences in effective population sizes. This is expected, since larger effective 620 
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population sizes result in slower sorting of ancestral polymorphisms (Maddison 1997), and the 621 

gdi relies on quantifying the probability that two sequences from the focal taxon coalesce more 622 

recently than the divergence time between the taxa. More generally, differences in population 623 

sizes may also explain why M. mittermeieri and M. lehilahytsara were not resolved as clades in 624 

the nDNA phylogeny (Fig. 2C) yet are shown to have distinct genetic clusters (Fig. 2B; 625 

Fig. 3B). 626 

 627 

Assessing speciation completion by quantifying rates of neutral coalescence is based on the 628 

assumption that the magnitude of genetic drift is a good predictor of progress in speciation. This 629 

is problematic, however, given that the role of drift in speciation is generally thought to be small 630 

(Rice and Hostert 1993; Coyne and Orr 2004; Czekanski-Moir and Rundell 2019; but see Uyeda 631 

et al. 2009), and a high prevalence of gene flow during and after speciation (Feder et al. 2012; 632 

Harrison and Larson 2014; Mallet et al. 2016; Campbell et al. 2018) may restrict the build-up of 633 

neutral differentiation, even over longer time spans. Moreover, the possibility that progress in 634 

speciation is decoupled from neutral genetic differentiation cannot be avoided when delimiting 635 

species using molecular data (Guilot et al. 2012; Solis-Lemus et al. 2015). Nevertheless, a 636 

reliance on genealogical divergence in coalescence-based species delimitation specifically 637 

renders effective population size a key variable. It is not clear whether this is justified, and 638 

additional measures of divergence that do not depend on effective population sizes may also need 639 

to be considered (see also Hey and Pinho 2012; Martien et al. 2017 – Appendix 2). Thus far, few 640 

studies have examined a potential link between effective population size and speciation rates 641 

(Khatri and Goldstein 2015; Khatri and Goldstein 2018; Huang et al. 2018), especially outside of 642 

the context of founder effect speciation (Mayr 1959; Boake and Gavrilets 1998; Matute 2013).   643 

 644 
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A further distinction between the two pairs of sister species examined by this study is that we find 645 

higher rates of gene flow between M. mittermeieri and M. lehilahytsara (Fig. 6A). This is not 646 

simply a consequence of overall lower differentiation, since divergence time is estimated to be 647 

substantially older than that of M. sp. #3 / M. macarthurii when accounting for gene flow within 648 

both species pairs. Thus, a joint consideration of genealogical divergence and rates of gene flow 649 

may offer a way forward for effective and consistent genomic species delimitation (see also Hey 650 

and Pinho 2012) with our study showing that this is an area ripe for future exploration. 651 

 652 

Rapid speciation in mouse lemurs 653 

Sympatric Microcebus species were found at two study sites: M. macarthurii and M. mittermeieri 654 

in Anjiahely (Makira) and M. sp. #3 and M. lehilahytsara in Ambavala (Fig. 1). This is 655 

remarkable given that until now, only four other cases of sympatry among mouse lemur species 656 

are known, and in all cases with only two species co-occurring, and always with M. murinus as 657 

the other resident (Radespiel 2016). Moreover, the two sympatric pairs of species in this study 658 

were estimated to have a common ancestor only ~500-600 kya. This provides strong evidence 659 

that mouse lemurs not only developed widespread and rapid genetic divergence among 660 

geographic areas, but also rapid reproductive isolation. Assuming that the geographic mode of 661 

speciation has been largely allopatric (which is e.g. supported by the allopatric distributions of 662 

sister species in this study), the observed sympatry of two pairs of non-sister species also reveals 663 

substantial dynamism in the ranges of at least some of the focal species. It is tempting to 664 

speculate that secondary contact occurred due to range expansion of M. mittermeieri and M. 665 

lehilahytsara, which have larger ranges and population sizes as well as higher levels of 666 

interspecific gene flow than the decreasing micro-endemics M. sp. #3 and M. macarthurii. 667 

 668 
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Coalescent-based estimates of divergence times constrain the speciation of the focal lineages to 669 

the Pleistocene (<600,000 years). It is therefore plausible that past climatic oscillations, 670 

especially periods of drought accompanied with turnovers in vegetation composition and the 671 

contraction of forested habitats were a factor in the isolation and genetic divergence of the 672 

sampled species and populations (Burney et al. 1997; Gasse and Van Campo 2001; Kiage and 673 

Liu 2006; Wilmé et al. 2006). In addition, the Mananara river appears to have impacted 674 

population structure within M. sp. #3 and restricted gene flow between M. sp. #3 and M. 675 

macarthurii, emphasizing that large rivers can be phylogeographic barriers in lemurs (Martin 676 

1972; Pastorini et al. 2003; Goodman and Ganzhorn 2004; Olivieri et al. 2007).  677 

 678 

Making direct links between molecular divergence and geological time is challenging. As a case 679 

in point, some estimated divergence times were sensitive to whether gene flow was accounted for 680 

in the MSC model (Fig. 6). Specifically, the model incorporating gene flow between M. 681 

lehilahytsara and M. mittermeieri shifted their divergence time backwards by nearly 300 kya, 682 

though estimates for deeper nodes were not similarly affected. The substantial effect of 683 

incorporating or disregarding gene flow on divergence time estimation has been previously noted 684 

(Leaché et al. 2014) and we here reiterate its importance for future studies. Furthermore, 685 

development and application of methods that co-estimate divergence and gene flow for large-686 

scale genomic data, such as recent MSC methods that model introgression with phylogenetic 687 

networks that are capable of marginal likelihood estimation (Zhang et al. 2017), will be crucial 688 

for the accurate characterization of speciation processes. 689 

 690 

A notable feature of the coalescent-based estimates of divergence times presented here is that 691 

they are drastically different compared to those derived from fossil-calibrated molecular clock 692 
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methods. The basal divergence between M. murinus and the focal five-species clade in this study 693 

was estimated to be close to 1 mya, but has consistently been estimated to be approximately 8 - 694 

10 mya using fossil-calibrated estimates (Yang and Yoder 2003; dos Reis et al. 2018). Several 695 

factors may explain this difference. First, we used a recent pedigree-based estimate of the mouse 696 

lemur mutation rate that is about 2.5-fold higher than the phylogenetically-based estimate for 697 

mouse lemurs (Campbell et al. 2019). Second, concatenated and gene tree-based estimates are 698 

theoretically expected to overestimate recent species divergence times (Edwards and Beerli 2000, 699 

Arbogast et al. 2002) and empirical comparisons have indeed found considerably more recent 700 

divergence time estimates using coalescent-based estimates (McCormack et al. 2011; Angelis & 701 

Dos Reis 2015; Colombo et al. 2015). Finally, fossil-calibrated estimates for lemurs require 702 

external calibrations from distantly related lineages given the absolute dearth of lemur fossils 703 

(e.g., Yang and Yoder 2003; Herrera and Dávalos 2016). Overall, the mouse lemur radiation is 704 

likely more recent than previously suggested, yet further investigation is needed to understand the 705 

magnitude of these disparate estimates. 706 

 707 

Endangered “hotspot for micro-endemism” in northeastern Madagascar 708 

In total, we found five evolutionarily divergent lineages of Microcebus within a 130 km wide 709 

stretch of lowland rain forest in northeastern Madagascar making this restricted region one of the 710 

most species-rich areas thus far identified for mouse lemurs. Although all taxa can be found in 711 

varying habitat types (except heavily degraded grass- and fernlands), primary forests, even of 712 

varying degradation stages, are strongly preferred (Knoop et al. 2018; Miller et al. 2018; Schüßler 713 

et al. 2018). 714 

 715 
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A long-term decline in population size was inferred for the lineage leading to M. sp. #3. While 716 

changes in inferred Ne may be confounded by changes in population structure, especially for 717 

single-population PSMC/MSMC models that do not explicitly consider population subdivision 718 

(Mazet et al., 2016, Chikhi et al., 2018), we found highly similar results between MSMC and G-719 

PhoCS analyses that considered divergence across a model with three species, treating the two M. 720 

sp. #3 population clusters separately (Fig. 6F). This is especially reassuring since MSMC 721 

analysis used whole-genome data for a single individual, while RADseq data from multiple 722 

individuals per population underlies the G-PhoCS analyses. Importantly, changes in population 723 

structure may also be associated with actual changes in population size, such as successive 724 

population subdivision events with limited or no subsequent gene flow. If such changes in 725 

population structure are the main cause of population size changes, as appears to be the case for 726 

the lineage leading to M. sp. #3, a high degree of concordance between these different types of 727 

analyses would in fact be expected. Nevertheless, we stress that future work will likely need to 728 

study more complex scenarios of connectivity using metapopulation models, as has been 729 

suggested for humans (Scerri et al., 2018). 730 

 731 

The decline and population subdivision of M. sp. #3 was inferred to have started long before 732 

anthropogenic land use fragmented the forest habitats, supporting the emerging consensus that 733 

human colonization in Madagascar alone does not explain the occurrence of open habitats and 734 

isolated forest fragments (Quéméré et al. 2012; Yoder et al. 2016; Vorontsova et al. 2016; Hackel 735 

et al. 2018). However, we also observed clade-specific population size dynamics within the same 736 

region, with M. mittermeieri and especially M. lehilahytsara maintaining much larger population 737 

sizes than M. sp. #3 and its sister species, M. macarthurii, which appear to have decreased in 738 

ranges and population sizes. It remains unclear what underlies these striking differences in 739 
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population sizes between the two pairs of sister species, which is especially mysterious given that 740 

the four lineages occupy essentially the same geographic area. 741 

 742 

Even so, the results of our study emphasize the need to intensify conservation activities in the 743 

region (Schüßler et al. 2018). The exact range of M. sp. #3 is not yet established, but likely does 744 

not exceed a maximum size of about 6,700 km². The known distribution includes community-745 

protected forests around Ambavala (Schüßler et al. 2018) and one nationally protected area with 746 

Mananara-Nord NP. The southern range boundary of this species is most likely the Anove river 747 

(Fig. 1), given that we detected M. simmonsi directly south of this river (which represents a 748 

northern expansion of the known range for M. simmonsi that had previously been found at 749 

Zahamena NP, Betampona and Tampolo; Louis et al. 2006; Louis and Lei 2016).  750 

 751 

M. lehilahytsara has so far been assumed to represent a highland specialist, with no previous 752 

records below 825 m a.s.l. (Weisrock et al. 2010; Radespiel et al. 2012). Unexpectedly, 753 

individuals at Ambavala, at an elevation of 235 m a.s.l., were grouped together with M. 754 

lehilahytsara from a highland study site (Riamalandy). This finding needs to be interpreted with 755 

caution, however, due to weak overall differentiation between M. lehilahytsara and M. 756 

mittermeieri and a lack of samples from intermediate locations. Thus, further research is required 757 

to resolve this relationship and implications for the evolutionary history and biogeography of M. 758 

lehilahytsara. 759 

 760 

Recent analyses show that preferred forest habitats are rapidly declining and the isolation of 761 

protected areas is inevitable in the foreseeable future (Schüßler et al. under review). We are now 762 

beginning to appreciate that the area of northeastern Madagascar represents a “hotspot for micro-763 
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endemism”, while simultaneously finding that a newly described species may be under high 764 

extinction risk due to ongoing deforestation (Schüßler et al. under review) and anticipated 765 

environmental changes due to climate change (Brown and Yoder 2015). This situation is 766 

unfortunately reminiscent of the recent discovery of Pongo tapanuliensis, which became the last 767 

great ape species to be discovered and the most threatened at the same time (Nater et al., 2017). 768 

 769 

Conclusions 770 

We have used both morphometric analyses and genomic species delimitation to show that five 771 

species of mouse lemurs, one of which is newly described, occur in a restricted region of 772 

northeastern Madagascar, making it a hotspot for micro-endemism and conservation concern in 773 

accordance with findings from Wilmé et al. (2006) and Brown and Yoder (2015). Furthermore, 774 

we have shown that two pairs of non-sister species occur sympatrically despite surprisingly 775 

recent estimated divergence times. From these results, we infer that speciation in mouse lemurs 776 

can occur more rapidly than previously suspected, and the challenge ahead is to disentangle the 777 

temporal dynamics and the geographic and ecological drivers of evolutionary diversification 778 

within cryptic, young, and highly speciose radiations.  779 

 780 

We also emphasize the need to carefully consider the potentially confounding effects of gene 781 

flow and population structure when estimating divergence times and changes in effective 782 

population sizes, and call for the development of metapopulation models to interpret genomic 783 

data and increase our understanding of the consequences of past climatic oscillations on patterns 784 

of genomic diversity and differentiation. Finally, we show that the inference of the degree to 785 

which speciation has progressed in the two sister-species pairs of mouse lemurs studied here 786 

correlates strongly with their respective effective population sizes. This finding suggests the need 787 
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for a critical evaluation of the implicit assumption in molecular species delimitation that Ne and 788 

rates of drift correlate with the rate at which speciation progresses.  789 
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Species Description 790 

Systematics 791 

Order: Primates (Linnaeus 1758) 792 

Suborder: Strepshirrini (É. Geoffroy 1812) 793 

Family: Cheirogaleidae (Gray 1873) 794 

Genus: Microcebus (É. Geoffrroy 1828) 795 

Species: Microcebus jonahi species nova 796 

 797 

Holotype  798 

B34, adult male, captured on 06 September 2017 by DS. Tissue samples, hair samples as well as 799 

e-voucher photos of the animal are stored at the Institute of Zoology, University of Veterinary 800 

Medicine Hanover, Germany. The animal itself was released after field handling, sampling, and 801 

photographing, since its taxonomic distinctiveness was not recognized at the time of capture. 802 

Field measurements (all lengths measured in mm): ear length: 17.6, ear width: 13.7, head length: 803 

37.7, head width: 23.0, snout length: 10.0, intra-orbital distance: 8.2, inter-orbital distance: 26.0, 804 

lower leg length: 41.7, hind foot length: 24.5, third toe length: 10.6, body length: 95.6, tail length: 805 

130.0, body mass: 66 g. The population around Ambavala is designated as the source population 806 

for physical specimens in support of the holotype. 807 

 808 

Type locality  809 

Forest near the rural village of Ambavala (S 16° 12.307’, E 49° 35.371’), in a community 810 

protected forest at about 342 m a.s.l. approx. 20 km west of Mananara North, Province of 811 

Analanjirofo, Madagascar. 812 

 813 
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Paratypes 814 

(a) BD1, adult female, captured in the community protected forest of Antsiradrano (near 815 

Ambavala) on 04 September 2017. Tissue and hair samples as well as photographs and 816 

morphometric measurements are stored at the Institute of Zoology, University of Veterinary 817 

Medicine Hanover, Germany. 818 

(b) B13, adult male, captured in the community protected forest near Ambavala on 11 September 819 

2017. Tissue and hair samples as well as photographs and morphometric measurements are stored 820 

at the Institute of Zoology of the University of Veterinary Medicine Hanover in Germany. 821 

It is planned that one physical specimen will be obtained as a further paratype in the near future 822 

and that this specimen will then be deposited in the Museum of the Zoology, Department of the 823 

University of Antananarivo, Madagascar. 824 

 825 

Description 826 

Microcebus jonahi is a large-bodied, reddish-brown and small-eared mouse lemur (Fig. 7). 827 

This species has short and dense fur. The head is rufous colored with a darker brownish area 828 

around the eyes which can slightly vary among individuals. A distinct white stripe lies between 829 

the eyes ending at the forehead (Fig. 7C). The ears are of the same rufous color as the head. 830 

The cheeks are lighter brownish and less rufous than the head becoming even lighter and almost 831 

white towards the throat. The ventrum is white with slightly yellowish nuances (Fig. 7D) 832 

which can vary in appearance among individuals. The dorsum is rather uniformly brown than 833 

reddish (Fig. 7E). A darker dorsal stripe can be either present or absent. The ventrum and 834 

dorsum are separated by a significant change in coloration with only marginal transition. The 835 

coloration of the limbs shows the same pattern with a brownish dorsal and a white to slightly 836 

yellowish ventral side. The tail is densely furred and of the same coloration as the dorsum. Hands 837 
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and feet show only sparse but whitish-gray hair. The skin on the palmar and plantar surfaces of 838 

hands and feet is brownish-pink. Males and females do not show any sexual dimorphism. 839 

 840 

Figure 7: Outer morphology of Microcebus jonahi. (A) Drawing of an adult individual; (B) 841 

Habitus of adult female (paratype individual BD1); (C-E) Close-ups of adult male (holotype 842 

B34). Illustration copyright by Stephen D. Nash / IUCN SSC Primate Specialist Group; used with 843 

permission. Photos by D. Schüßler. 844 

 845 

Diagnosis 846 

M. jonahi can be distinguished from other taxa in northeastern Madagascar by morphometric and 847 

genetic differences. Compared to its closest relative, M. macarthurii, M. jonahi has a larger snout 848 
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length, ear and head width as well as a larger intra- and inter-orbital distance. In addition, M. 849 

jonahi can be easily differentiated from M. macarthurii by its ventral coloration which is rather 850 

whitish (Fig. 7), but distinctly yellowish-orange in M. macarthurii (Radespiel et al. 2008; 851 

Radespiel and Raveloson unpubl. data). 852 

Moreover, it can be easily distinguished from the sympatric, small-bodied M. lehilahytsara (at 853 

Ambavala) by its higher weight, larger body size and tail length. Finally, M. jonahi can be 854 

differentiated from its southern geographical neighbor, M. simmonsi, by its larger head width as 855 

well as wider inter- and intra-orbital distances. M. jonahi could be unambiguously distinguished 856 

from the other four taxa in this study across all analyses of nuclear RADseq data (see above). 857 

However, it may not be reliably distinguished from M. macarthurii based solely on mtDNA 858 

sequences, likely due to some introgression of mtDNA from M. jonahi into M. macarthurii (see 859 

above) in the past.  860 

 861 

Etymology 862 

M. jonahi is named in honor of Malagasy primatologist Professor Jonah Ratsimbazafy. He has 863 

dedicated his life's work to the conservation of Malagasy lemurs. With both national and 864 

international outreach to the scientific community (e.g., GERP, IPS, LemurPortal), to the public 865 

of Madagascar (e.g., by initiating the World Lemur Festival), and to the political leaders of 866 

Madagascar, he serves as an inspirational role model for young Malagasy students and scientists. 867 

He provides hope for the future of Madagascar and for its iconic lemurs during very challenging 868 

times.  869 

 870 

Vernacular name 871 

English name: Jonah’s mouse lemur, French name: Microcèbe de Jonah, German 872 
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name: Jonah’s Mausmaki.  873 
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