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ARTICLE INFO ABSTRACT

Keywords: Madagascar exhibits extraordinarily high level of species richness and endemism, while being severely threat-
Species delimitation ened by habitat loss and fragmentation (HL&F). In front of these threats to biodiversity, conservation effort can
Phylogenomic

be directed, for instance, in the documentation of species that are still unknown to science, or in investigating

r;;:;gemes coalescence how species respond to HL&F. The tufted-tail rats genus (Eliurus spp.) is the most speciose genus of endemic
Biodiversity rodents in Madagascar, with 13 described species, which occupy two major habitat types: dry or humid forests.

RAD-seq The large species diversity and association to specific habitat types make the Eliurus genus a suitable model for
investigating species adaptation to new environments, as well as response to HL&F (dry vs humid). In the present
study, we investigated Eliurus spp. genomic diversity across northern Madagascar, a region covered by both dry
and humid fragmented forests. From the mitochondrial DNA (mtDNA) and nuclear genomic (RAD-seq) data of
124 Eliurus individuals sampled in poorly studied forests of northern Madagascar, we identified an undescribed
Eliurus taxon (Eliurus sp. nova). We tested the hypothesis of a new Eliurus species using several approaches: i)
DNA barcoding; ii) phylogenetic inferences; iii) species delimitation tests based on the Multi-Species Coalescent
(MSC) model, iv) genealogical divergence index (gdi); v) an ad-hoc test of isolation-by-distance within versus
between sister-taxa, vi) comparisons of %GC content patterns and vii) morphological analyses. All analyses
support the recognition of the undescribed lineage as a putative distinct species. In addition, we show that Eliurus
myoxinus, a species known from the dry forests of western Madagascar, is, surprisingly, found mostly in humid
forests in northern Madagascar. In conclusion, we discuss the implications of such findings in the context of
Eliurus species evolution and diversification, and use the distribution of northern Eliurus species as a proxy for
reconstructing past changes in forest cover and vegetation type in northern Madagascar.

1. Introduction semi-fossorial or saltatorial behaviours. Their monophyly is now rec-
ognised, although debated over decades due to the lack of sufficiently

The endemic rodents of Madagascar (subfamily Nesomyinae) are a powerful data and the morphological similarity with non-Malagasy ro-
diverse taxonomic group of the family Muridae, whose morphological dents (Jansa et al., 1999; Michaux et al., 2001; Jansa and Weksler,
diversity has led to the recognition of nine genera (Musser and Carleton, 2004). Genetic data have established that Malagasy rodents came from
2005) characterised by diverse life-history traits, such as scansorial, Africa during a single colonization event (Jansa and Carleton, 2022;
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Steppan and Schenk, 2017), which has been dated between 15 and 30
Ma by Poux et al. (2005) and between 12.8 and 15.6 Ma by Steppan and
Schenk (2017). Since then, the Nesomyinae have diversified across the
various ecotypes of Madagascar.

Most Nesomyinae genera are composed of few species (either one,
two or three), with the exception of the Eliurus genus which, with 13
described species, is by far the most speciose genus of Nesomyinae
(Jansa et al., 2019). The Eliurus genus was originally characterised by
Alphonse Milne-Edwards in 1885 (Milne Edwards, 1885), with the
description of E. myoxinus in western Madagascar. During the following
decades, new Eliurus species were mainly described from the humid
forests of eastern Madagascar (Carleton, 1994; Carleton and Goodman
1998; Carleton, 2003; Carleton and Goodman, 2007). Recently, four
Eliurus species from the west and north of Madagascar have been added
to the genus (Carleton et al., 2001; Goodman et al., 2009; Jansa et al.,
2019). In the last twenty-five years, field surveys, museum-specimen
based research and genetic data (although limited to two mtDNA and
four nuclear loci) have greatly contributed to a better understanding of
endemic rodent biodiversity in Madagascar (Carleton, 1994; Jansa et al.,
1999; Goodman and Rasolonandrasana, 1999; Carleton et al., 2001;
Jansa and Carleton, 2003; Carleton and Goodman, 2007; Goodman
etal., 2007, 2009; Goodman et al., 2013a; Tysdal and Jansa, 2014; Jansa
et al, 2019), leading to a seven-fold increase in Eliurus specimen
collection and the description of five new species (see Fig. 1 in Jansa
et al., 2019).

While the use of genetic data may be problematic, as it has led to a
likely inflation in the number of species in other Malagasy mammals,
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such as mouse lemurs and sportive lemurs (e.g., Tattersall, 2007;
Tattersall and Cuozzo, 2019), morphological and other types of data (e.
g., behavioral, ecological and geographical) may not always be suffi-
cient to identify species. This is the case when phenotypic differences are
small, difficult to quantify or the result of limited sampling, even when
divergence between sister-species is not recent (Bickford et al., 2007;
Struck et al., 2018; Chenuil et al., 2019). For instance, one of the diag-
nostic morphological characters that Carleton (1994) proposed for dis-
tinguishing Eliurus ellermani from Eliurus tanala was a ‘tail brush
completely dark to the tip’. However, the recent study of Jansa et al.
(2019), which integrated morphological and genetic data from a larger
number of specimens, showed that individuals genetically identified as
Eliurus ellermani had in most cases a white tail tuft, and rarely a dark
tipped tail. One could also use information on geographic distributions
for preliminary taxonomic identification, if species distributions are well
known and not overlapping. However, most Eliurus species are i) char-
acterised by large and scattered species distributions, and ii) often in co-
occurrence or syntopy with one or more Eliurus species (Carleton, 1994;
Marquart, 2014; Jansa et al., 2019).

In the present study, we sampled 124 Eliurus individuals from
northern Madagascar, a transition region between the eastern humid
and the western dry ecoregions. We then assessed their mitochondrial
(mtDNA) and nuclear genomic diversity. With the use of a Restriction
site-associated DNA sequencing (RAD-seq) approach, which generates a
reduced but wide representation of genomic diversity, we provided the
first multispecies genome-wide dataset for the Eliurus genus, aiming at
validating and clarifying the Eliurus species tree topology. We performed
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Fig. 1. Eliurus individuals sampled in northern Madagascar. In this figure we present the sampling sites of the five Eliurus taxa identified in the present study:
E. myoxinus; E. carletoni; E. minor; E. ellermani and Eliurus sp. nova. Full sampling sites names are given in Table 1. Detailed map for each species can be found

in Figure C.20.
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several phylogenetic inferences and species delimitation tests, taking
into account genomic and geographic variability within each taxon, as
well as gene tree discordance. In addition, we quantified morphological
diversity across Eliurus species and correlate such diversity with biocli-
matic variables to test for support of Bergmann’s rule. In conclusion, our
analyses identify a new monophyletic and divergent lineage which we
hypothesize to be a new Eliurus species.

2. Material and methods
2.1. Study region

We surveyed 35 forest sites between 2010 and 2018 in northern
Madagascar, a region considered to be a transition zone between
Madagascar’s eastern-humid and western-dry ecoregions. The landscape
of northern Madagascar is characterized by forest fragments of diverse
habitat types (dry deciduous, transition, humid evergreen, moun-
tainous) separated by a matrix of savannah, grassland and agricultural
lands. This region is crossed by six main rivers, the Irodo, the Loky, the
Manambato, the Manambery, the Fanambana and the Bemarivo rivers,
which further divide northern Madagascar in inter-river systems: North
of the Loky river, Loky-Manambato region, South Manambato region,
Corridor of Marojejy- Anjanaharibe Sud-Tsaratanana (COMATSA) re-
gion, North Marojejy (Fig. 1). A detailed description of each inter-river
system can be found in Appendix A.

2.2. Study species

The tuft-tailed rats (genus Eliurus) are nocturnal and easily recog-
nizable by a noticeable tuft of long hairs over the distal portion of the
tail. They are associated with forested habitats, but some species show
tolerance to mild forest disturbance. In particular, trap captures data
provided evidence on the scansorial, arboreal and terrestrial behaviour
of this group of rodents, since individuals can be both collected on li-
anas, trees and on the ground (e.g., Marquart, 2014). However, there are
some distinctions that can be made among species. For instance, Webb
(1954) observed that western Eliurus species are more arboreal than
eastern species, rarely descending to the ground. In the present work, we
focus on four Eliurus species that have been described in northern and
north-eastern Madagascar: Eliurus carletoni, Eliurus ellermani, Eliurus
minor and Eliurus myoxinus (Fig. 1). Details for each described species
can be found in Appendix A.

2.3. Sampling and laboratory procedures

We collected small ear biopsies from 124 individuals captured with
Sherman traps (H.B. Sherman Traps®) (Table 1), according to Rako-
tondravony and Radespiel (2009) field procedures. We ensured DNA
preservation in field conditions by storing the samples in Queen’s lysis
buffer (Seutin et al., 1991) and at — 20 °C once in the laboratory. We
extracted total genomic DNA using a DNeasy® blood and tissue kit
(Qiagen®). To increase the amount of extracted genomic DNA, tissues
were incubated overnight at 56 °C in 300 pL of ATL digestion buffer
(Qiagen®) including proteinase K (Cf = 1 mg/ mL), and 20 pL of
dithiothreitol (1 M). The final DNA solution was then eluted in 60 pL of
AE buffer. We quantified nucleic acids and checked for DNA purity using
the Nanodrop spectrophotometer (ND-1000, Thermo Fisher) and
quantified double stranded DNA (dsDNA) using a Qubit 2.0 Fluorometer
(Invitrogen). For maximizing the amount of genomic data recoverable
from high-throughput DNA sequencing, we selected samples with a
dsDNA concentration superior to 4 ng/pL and a 260/280 absorbance
ratio higher than 1.75.

We amplified and sequenced the mitochondrial (mtDNA) cyto-
chrome b (cytb; 1140 bp) of 20 individuals, distributed in the four clades
identified with preliminary analyses of the nuclear RAD-seq data (see
Results). The mtDNA analyses aimed at clarifying species identity, based
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on previous mtDNA phylogenetic studies, since Eliurus species can be
difficult to distinguish morphologically and since there are no published
genomic data to compare our data with. mtDNA cytb was amplified
using published primers: MVZ05 and UMMZ04 (Jansa et al., 1999). We
carried out PCR amplification in a 10-pL reaction with final concentra-
tions of 0.8 pL of 1.0 pM for each primer, 5 pL of 1.5 mM GoTaqFlexi
DNA polymerase Mix (Promega no. M8305), 1 pL of genomic DNA and
2.4 pL of H20. Thermocycling consisted of an initial denaturing tem-
perature of 94 °C for 2 min, followed by 35 cycles of 1 min at 94 °C, 1
min at 51 °C (cytb annealing temperature) and 1 min at 72 °C, and a final
extension of 10 min at 72 °C. We sequenced the PCR products in an ABI
3130 XL Genetic Analyzer (Applied Biosystems, Foster City, CA) and
edited the sequences using GENEIOUS PRO v10.2.3 (https://www.gen
eious.com, Kearse et al., 2012).

2.4. Rad-sequencing

Restriction site-Associated DNA sequencing (RAD-seq) consists in
sequencing regions neighbouring restriction sites, to obtain homologous
sequences across many individuals, spread across the genome, with high
coverage and at a reasonable cost (Baird et al., 2008; Andrews et al.,
2016). We prepared RAD-seq libraries using 100-200 ng of genomic
DNA from each sample and one negative control made up of water
following the protocol described in Etter et al. (2011). Briefly, samples
were digested with Sbfl (New England Biolabs) before P1 adapter liga-
tion. After adapter ligation, we pooled 10 pL of 18 samples in four sub-
libraries, before shearing them in a Covaris M220 for 45 sec to obtain
fragments with an average size of 500 bp. Following end repair, we
conducted size selection using AMPure XP beads (Agencourt). After
3'adenylation, we ligated the P2 adapter. The libraries were finally
enriched with 10 cycles of PCR. Libraries quality was verified using
Fragment Analyzer® (Advanced Analytical) and quantified using qQPCR
(QuantStudio6®, Applied Biosystems). We made equimolar pooling
with the sub-libraries and sequenced them on an Illumina HiSeq-3000
(150-pb paired-end reads; 72 individuals/lane) at the GetPlage
Sequencing platform facility (Toulouse, France). Raw reads were first
checked for quality using FastQC (Andrews, 2010) and MultiQC (Ewels
et al., 2016), then demultiplexed, adapter-removed and quality-filtered
in STACKS v2.2 (Rochette et al., 2019) using default parameters. PCR
duplicates were removed using the clone filter program in STACKS v2.2
under default settings. The last filtering step was carried out using the
kmer filter program in STACKS v2.2 with default settings. This step
removes reads with putative sequencing errors (identifying kmers with a
coverage lower than 15 % of the median read coverage), decrease the
number of over-abundant reads and normalize read-depth according to
k-mer coverage.

2.5. Rad-seq data processing and de novo assembly

After filtering the raw short-read sequences, it is necessary to
assemble the read pairs into sets of reads (stacks) and merge overlapping
stacks into putative loci, which will then be used for population genomic
analyses. Since there is no reference-genome available for the Eliurus
genus, we conducted a de-novo assembly of RAD-seq nuclear loci in
STACKS v2.2 using ustacks, cstacks, sstacks, tsv2bam, gstacks and pop-
ulations programs, which are described in details in Appendix A. The
assembly of nuclear loci from RAD-seq data relies on several parameters:
m, minimum number of raw reads required to form an allele; M,
maximum number of nucleotides differences allowed between alleles to
merge them into a locus; n, number of mismatches allowed between
sample loci when building the catalog consensus loci. The choice of the
best combination of these parameters can be challenging, since several
factors can influence the amount and quality of genomic information
recoverable from the dataset, such as the biology and natural history of
the studied population(s) or the deployed RAD-seq technique (Paris
et al., 2017). Therefore, we followed the protocol proposed by Paris
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Table 1
Localities and summary statistics of nuclear genomic data of the Eliurus individuals sampled across northern Madagascar.
Species Forest Site Nloci* NFWReads* Coverage WCoverage N Tot Sympatry
E. carletoni
Ambohitsitondroina AMBO 132 1,802 14 14 3 8 /
Analabe ANALABE / / / / 0 1 /
Analamerana ANALM 123 1,092 9 10 3 22 /
Ampasimaty ANALM_2 121 1,508 12 12 2 9 /
Analalava ANALV 96 487 5 5 1 1 E. myoxinus
Andrafiamena ANDF 137 2,352 17 18 4 7 E. myoxinus
Andoharano ANDR 152 4,155 27 29 1 1 E. myoxinus, E. minor
Andraharikely ANDRA 132 2,182 17 17 1 1 E. myoxinus
Andrafiabe_tenan’ankarana ANDRAF 125 1,668 13 14 4 12 /
Ankaramy ANKAMY 150 3,329 22 24 1 2 /
Antsahabe ANTSB 132 1,548 12 12 2 6 E. myoxinus, E. ellermani
Bekaraoka BEK 128 1,661 13 13 2 16 /
Bezavona - Ankirendrina BEZ 128 1,757 14 14 1 1 E. myoxinus, E. ellermani
Binara BIN 122 1,456 12 12 1 3 E. myoxinus, E. ellermani
Bobankora BOB 129 2,261 17 18 2 11 /
Mahamasina/Ankarana MAHAR 150 2,928 20 21 2 11 /
Marovato/Ankarana MAROV 153 3,896 25 28 3 15 /
Salafaina SAL 138 3,280 24 25 2 6 E. myoxinus
Antserasera/Masiamposa SERA 133 2,809 21 22 3 8 /
Solaniampilana SOL 146 2,398 16 17 4 8 E. myoxinus
Andavakoera TSAKA 120 1,298 11 11 1 1 /
TOT 43 150 43 % sites
E. ellermani
Ambaliha AMBA 113 1,653 15 15 1 1 E. minor
Ambalasoa AMBALA 135 1,757 13 14 1 1 E. minor
Andohanibemarivo ANDOHA / / / / 0 1 /
Ankinjanala ANKI 132 1,719 13 13 2 2 E. myoxinus
Antsahabe ANTSB 128 1,415 11 11 5 9 E. myoxinus, E. carletoni
Bezavona - Ankirendrina BEZ 118 2,110 18 18 1 2 E. myoxinus, E. carletoni
Binara BIN 135 2,273 17 18 4 6 E. myoxinus, E. carletoni
Anketrakabe KABE 139 2,715 19 21 2 3 E. myoxinus
Montagne d’Ambre M_AMBRE_NORTH 149 2,745 18 20 2 2 Eliurus sp. nova
Montagne d’Ambre M_AMBRE_SOUTH / / / / 0 4 Eliurus sp. nova
TOT 18 31 90 % sites
E. minor
Ambaliha AMBA 99 986 10 10 2 5 E. ellermani
Ambalasoa AMBALA 134 1,820 12 13 3 6 E. ellermani
Andohanibemarivo ANDOHA 117 1,750 15 16 3 7 /
Andoharano ANDR 158 2,623 16 18 5 9 E. myoxinus, E. carletoni
Antsahavary ANTSA 108 1,251 12 12 3 7 /
Beamalonkely BEAMA 114 1,327 12 12 1 1 /
Lohananjialava LOHANA 158 3,159 20 22 1 3 /
Maladialina MAL 120 2,000 14 15 2 4 /
TOT 20 42 38 % sites
E. myoxinus
Ambatomainty AMBATO 146 3,047 21 22 1 2 /
Analafiana ANALF 149 3,950 27 28 2 3 /
Analalava ANALV 126 1,354 11 11 1 2 E. carletoni
Andrafiamena ANDF 147 3,474 24 25 1 3 E. carletoni
Andoharano ANDR 145 2,645 18 19 1 1 E. carletoni
Andraharikely ANDRA 141 2,659 18 19 2 8 E. carletoni
Andranomenabe ANDRANO 137 3,005 22 23 1 2 /
Ankinjanala ANKI 128 1,353 11 11 1 12 /
Antsahavary ANTSA 150 2,992 20 21 1 7 /
Antsahabe ANTSB 150 3,274 22 23 4 8 E. carletoni, E. ellermani
Beamalonkely BEAMA 123 759 6 6 1 3 /
Bezavona - Ankirendrina BEZ 140 2,373 17 17 2 12 E. carletoni, E. ellermani
Binara BIN 147 2,795 19 20 7 18 E. carletoni, E. ellermani
Anketrakabe KABE 142 3,083 21 22 2 11 /
Lohananjialava LOHANA / / / / 0 1 /
Salafaina SAL 133 1,683 13 13 3 11 E. carletoni
Solaniampilana SOL 132 1,827 14 14 1 1 E. carletoni
Andavakoera TSAKA 149 4,331 29 31 4 13 E. carletoni
TOT 35 118 56 % sites
Eliurus sp. nova
Montagne d’Ambre M_AMBRE_NORTH 151 2,693 18 18 2 4 E. ellermani
Montagne d’Ambre M_AMBRE_SOUTH 153 2,831 18 19 6 9 E. ellermani
TOT 8 13 100 % sites

Forest: complete forest name; Site: forest abbreviation; Nloci: number of genotyped loci; NFWReads: number of used forward reads; Coverage: mean coverage;
WCoverage: weighted mean coverage calculated by giving more weight to loci that are more represented across the dataset; N: number of samples used for genomic
analyses (124 individuals); Tot: number of samples in the full dataset (347 individuals); Sympatry: co-occurring Eliurus species; *: values are divided by 1000.
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et al. (2017) to optimize the three main parameters of the de novo as-
sembly (m, M, n). The analysis for the optimization of de novo assembly
parameters was performed on a subset of the whole dataset, following
Rochette and Catchen (2017). In particular, Rochette and Catchen
(2017) found that adding all samples does not increase significantly the
number of widely shared catalog loci in the dataset and can add noise in
the estimation of m, M and n. The individuals used for building the
catalog were selected by considering i) those with highest coverage and
ii) maximizing the geographic distribution of the selected individuals, as
a proxy for maximizing the genetic diversity in the dataset. We thus
performed the optimization analysis on twenty individuals: five
E. carletoni, four E. minor, five E. ellermani, five E. myoxinus and one
Eliurus sp. nova (see Figs. C2 and Table B1). These were also the in-
dividuals used for building the catalog. The optimization procedure
consisted in iterating a range of values (2 to 8) for the m, M and n pa-
rameters, separately, while keeping all other parameters fixed at default
values (m = 3, M = 2 and n = 1). For each parameter combination we
extracted the genomic information shared by either 40 %, 60 % or 80 %
of the individuals in the dataset. In order to identify the best parameter
combination, we extracted and assessed several assembly metrics: i)
individual coverage; ii) the number of assembled loci; iii) the number of
polymorphic loci; iv) the number of SNPs; v) the variable; and vi) fixed
sites identified across the whole population. According to Paris et al.,
(2017) the best parameter combination is identified considering: i) a
stable set of loci that are highly replicated across 80 % of the population,
since it is unlikely to be derived from paralogous, repetitive sequences or
sequencing errors; and ii) the highest amount of polymorphism, or the
parameters ‘value at which the number of polymorphisms levels out. In
other words, Paris et al. (2017) criteria provide a balance between
obtaining true polymorphism and introducing sequencing error, or over-
merging paralogous or repetitive loci. Once the informed choice of m, M
and n parameters was done, we re-ran the STACKS v2.2 pipeline using
the selected values and obtain the definitive catalog on which further
genomic analyses were carried out.

2.6. Mitochondrial DNA analyses

We compared the mtDNA cytb of 20 sampled Eliurus individuals with
published data on the other Eliurus species: E. antsingy (N = 6),
E. carletoni (N = 67), E. ellermani (N = 38), E. grandidieri (N = 3),
E. majori (N = 16), E. minor (N = 11), E. myoxinus (N = 60), E. tanala (N
= 14), E. tsingimbato (N = 11), E. webbi (N = 16) (Table B2, B3). Genetic
data were not available for E. petteri, E. danieli and E. penicillatus. As
outgroup we used mtDNA cytb of Rattus norvegicus (EU349782.1). The
complete dataset consisted of 263 mtDNA cytb sequences of ~ 1064 bp.
We aligned and visually checked the sequences using the Clustal Omega
method (Sievers et al., 2011). We performed format conversion of DNA
alignments using ALTER (Glez-Pena et al., 2010). We used two statistical
methods for phylogenetic analysis: a Bayesian MCMC approach imple-
mented in MRBAYES v3.2.1 (Ronquist et al., 2012) and a maximum-
likelihood (ML) approach implemented in RAXML v8.2.X (Stamatakis,
2014). Information on the parameters used in the mtDNA phylogenetic
analyses are described in Appendix A. We measured pairwise mtDNA
distance within and between species using the dist.dna function in the
adegenet R package (Jombart, 2008; Jombart and Ahmed, 2011). We
used the ‘raw’ evolutionary model to compute genetic distance, that is
the proportion of sites that differ between each pair of mtDNA
sequences.

2.7. Rad-seq datasets building

Genomic analyses were performed on several datasets, which varied
in number and geographical distribution of the individuals, and list of
loci to include in the analyses (white list). We decided to replicate several
of the analyses on multiple datasets in order to gain confidence on the
inferred pattern. Details on each of the dataset are presented in Table C4.
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2.8. Phylogenomic analysis

We employed a maximum-likelihood approach (RAXML v8.2.11;
Stamatakis, 2014) to infer evolutionary relationships among the five
Eliurus taxa. We performed concatenated analyses on datasets composed
of fixed sites, among which invariant sites were removed. The concat-
enated analysis assumes that all the sites included in the multialignment
share the same species tree topology (Felsenstein, 1981). We set the
unpartitioned General Time-Reversible Categorization (GTRCAT) mo-
lecular model with joint branch length optimization, the ‘-f a’ option to
conduct 1000 rapid Bootstrap analysis, and the ‘autoMRE_IGN’ option to
carry out bootstrap convergence test, which determines whether suffi-
cient bootstrap replicates have been run to get stable support values in
the inferred phylogenetic tree. We also carried out a partitioned analysis
on the N15.pop5.p4.minl15 dataset, including all sites (variant + fixed),
setting each catalog locus as a separate partition. We applied an ascer-
tainment bias correction for binary SNP data in the RAXML analysis
based on Paul O. Lewis formula (Lewis, 2001). The partitioned analysis
estimates the model parameters of the most likely evolutionary model
for each partition while fixing the global set of branch lengths (geneal-
ogy). As for the concatenated analysis, we set GTRCAT molecular model
for each partition. In this analysis we also used the argument -M’, to
estimate a separate set of branch lengths for every partition. For each
maximum-likelihood analysis, the best likelihood tree with bootstrap
supported value was visualized using ggtree and treeio R packages (Wang
et al., 2020; Yu, 2020; Yu et al., 2017).

2.9. Genomic Clustering analyses

Clustering methods were used to identify genetic groups within the
Eliurus dataset. We used the widely-used maximum likelihood model-
based approach implemented in ADMIXTURE v1.3 (Alexander et al.,
2009). This program uses the same likelihood model as STRUCTURE
software (Pritchard et al., 2000), but instead of sampling the posterior
probability of a model given the data, it maximises the likelihood of the
model. In the model, it is assumed that individuals are sampled from an
admixed population with contributions from K a priori clusters. Then,
individuals are assigned to K-clusters by maximizing the likelihood of
the model. For each dataset, we ran the program for K values ranging
from 1 to 8, and repeated the analysis for 30 independent runs.
ADMIXTURE analysis was carried out using the default optimization
method and the default termination criterion, which stops the analysis
when the log-likelihood increases by less than 10" between iterations. K
values were compared using the cross-validation method by setting —cv
= 20 and by comparing likelihoods across runs. We used CLUMPAK
(Kopelman et al., 2015) to permute the 30 independent runs so that
clusters align across runs. We selected the best K number of clusters
considering the lower average cross-validation, but we also explored
admixture models for K — 1 and K + 1. The final assignment of in-
dividuals to the best K-value was obtained by taking the mode con-
taining most runs (Major. Cluster).

In addition, we used a model-free approach, the Principal Compo-
nents Analysis (PCA), through the function glPca implemented in the R
package adegenet 2.0.1 (Jombart and Ahmed, 2011). PCA constructs
low-dimensional projections of the data that explain the gross variation
in marker genotypes, and thus it can be useful to assess whether most of
the variation in the genomic dataset can be explained by species
divergence. ADMIXTURE and PCA analyses were performed on the
N124.pop5.p4.r80.min100 dataset.

Admixture and PCA analyses were also performed on the genotype-
likelihood based dataset, constructed with the ANGSD software ((Kor-
neliussen et al., 2014; Nielsen et al., 2012; Appendix A), using the
NGSadmix and PCAngsd programs (Skotte et al., 2013). NgsAdmix was
run for 20 iterations per K value (1 to 12) and a stringent tolerance of
10 for convergence. We compared K values using the AK procedure
(Evanno et al., 2005). ANGSD-based analyses were carried out for
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ensuring the robustness of our results, regardless of the used variant
calling approach.

2.10. Species validation

We used three approaches to test the hypothesis that the newly
identified taxon (Eliurus sp. nova) was a new species: i) guided-tree
species delimitation analyses; ii) estimation of the gdi-index; iii) com-
parison of isolation-by-distance patterns within versus between taxa; and
iv) comparison of GC-content across taxa.

Species delimitation analysis with guided tree (analysis A10) was
performed in BPP (Yang and Rannala, 2010; Flouri et al., 2018,2020)
using loci full-length FASTA file of the three individuals per species
dataset (N15.pop5.p4.minl5 dataset). Only three taxa were used for this
analysis for several reasons: 1) the objective was to assess the species
hypothesis of the Eliurus sp. nova taxon, including only the two closest-
taxa was thus sufficient; 2) considering fewer related-taxa allows to
recover more genomic information, which would likely be lost if also
distantly-related taxa were included; 3) the analysis is computationally
intensive. The guided tree was defined by the phylogenetic relationship
recovered among E. myoxinus, E. minor and Eliurus sp. nova (i.e.,
(E. myoxinus, Eliurus sp. nova), E. minor). We used six combinations of
priors for divergence time (r) and population size (0). The 6 and 7 priors
consisted of an inverse gamma distribution with o = 2 (0) or a = 3 (7)
and f equal to either 0.002 or 0.02 or 0.2. Six combinations of priors are
tested to ensure that model selection would not be influenced by prior
information. Four MCMC runs were carried out for each combination of
parameters, and convergence was checked by comparing the outputs
from the four runs. Each run was conducted with a burnin of 5000 steps,
sample frequency of 100 steps (i.e., thinning), and collected 200,000
samples. Each analysis was repeated using both rjMCMC algorithms in
BPP, algorithm0 and algorithml. Prior combinations, two distinct
MCMC algorithms, and four runs per analysis were conducted to ensure
convergence of the results. The species delimitation model with higher
posterior probabilities across all runs was selected as the best one.

The genealogical divergence index (gdi; Jackson et al., 2017; Leaché
et al., 2019) was calculated using the posterior distribution of 6 and 7
from the analysis AOO carried out in BPP (Yang, 2015). Analysis AOO
estimates divergence times and population sizes using a guided specie
tree, under the Multi-Species Coalescent (MSC) model. As for the species
delimitation test, we ran the analysis for each of the six combinations of
priors for 6 and 7, and four runs for each combination. The details of the
MCMC run were the same as for the species delimitation test. The pos-
terior distribution of the gdi-index was calculated by computing the
gdi-index for each of the 200,000 MCMC samples, across runs, using
equation 7 from Leaché et al. (2019): gdi = 1 —e %7/?. The gdi-index
analysis was carried out only to test the species hypothesis for Eliurus sp.
nova, therefore we used the estimated divergence time (7) between
Eliurus sp. nova and E. myoxinus (its sister-species), and alternatively
used as population size (0) either the one estimated for Eliurus sp. nova or
for E. myoxinus. This index provides a continuous measure, that uses
information on the estimated divergence times and population sizes for a
fixed species tree under the MSC, to assess where, a given taxon, lies on
the path of speciation. Although the gdi index does not really solve the
dichotomy of population structure versus species delimitation in MSC
models, it allows to go beyond the discrete model selection (e.g., one-
species versus two-species).

Complementary to the two abovementioned species delimitation
methods, which ignore the importance of geographically-limited
dispersal in determining genetic differences between populations, we
compared the individual-based genomic and geographic (Euclidean)
distances within (e.g., E. myoxinus - E. myoxinus) and among taxa (e.g.,
E. myoxinus - Eliurus sp. nova). We performed this analysis on the
STACKS generated datasets (including only variant sites) by estimating
pairwise genetic distances using the stamppNeisD function in R (R Core
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Team, 2022) which computes the Nei’s genetic distance (Nei, 1972).

It has been shown that across animal genomes, GC-content correlates
with various aspects of genome architecture such as genome size, gene
density, gene expression, replication timing, and recombination
(Vinogradov, 1998; Bernardi and Bernardi, 1986; Bernardi, 2007; Figuet
et al., 2015). Few case studies have shown that GC-content may also be
informative on the evolutionary relationships of species (e.g., Du et al.,
2010; Huttener et al., 2019). Accordingly, we asked whether differences
in GC content could be observed among the five Eliurus species in our
dataset, as a proxy for differences in genomic architecture among Eliurus
species. For measuring the percentage of GC content within each Eliurus
species, we used a multialignment that included catalog loci present in at
least 100 out of the 124 individuals in the dataset. All sites (variant and
invariant) were extracted and the %GC was computed using the GC.
content function implemented in the ape R package (Paradis and Schliep,
2019).

2.11. Morphological analyses

Four morphological variables (head length, tail length, body length
and weight) were consistently recorded for the Eliurus individuals. They
were used here to assess whether morphological differences could be
detected between the five Eliurus taxa. For increasing the power of the
morphological analyses, we used a dataset composed of 325 Eliurus in-
dividuals, which included the 124 individuals used in phylogenetic and
species validation analyses, as well as 200 individuals that were
excluded from the above analysis due to computational cost. We carried
out Discriminant Analysis of Principal Component (DAPC) to identify
which morphological variable contributes the most to the phenotypic
structure observed across the five Eliurus taxa. DAPC analysis was per-
formed using the dapc function in adegenet R package (Jombart, 2008;
Jombart and Ahmed, 2011), fixing species identity as prior grouping.
Furthermore, we compared the distribution of each morphological
variable across Eliurus species and assess significant differences through
multiple comparison Tukey’s test, as implemented in the TukeyHSD R
function (R Core Team, 2022). In addition, we assessed whether
morphology would correlate with altitude and 19 bioclimatic variables.
For each individual, altitude and bioclimatic data were extracted from
the WorldClim database (https://www.worldclim.org; Fick and Hij-
mans, 2017) at a spatial resolution of 30 s of a degree using the getData
function in the raster R package (Hijmans, 2022). Correlations between
each morphological and bioclimatic variable were measured using
Phylogenetic Generalized Least Squares (PGLS) analysis (Harvey and
Pagel, 1991). Briefly, PGLS analysis correlates two variables while ac-
counting for the phylogenetic relatedness among individuals, given that
closely related taxa tend to have more similar traits than random. The
PGLS analysis was carried out in R using the gls function of nlme R
package (Pinheiro and Bates, 2000; Pinheiro et al., 2022). Covariance
structure was based on the model of Brownian evolution through the
corBrownian function. P-values were adjusted for multiple comparison
using the p.adjust R function with the Benjamini-Hochberg procedure.
The phylogenetic tree used to account for phylogenetic relatedness was
generated from the full Eliurus dataset (N = 347), including also few
individuals for which morphological data were not available or incom-
plete (N = 23) (Figs. C3). All individuals from the dataset were assumed
to belong to the same ‘population’ (p = 1) and loci were included in the
final dataset only if 80 % of the individuals were genotyped at a given
locus. Moreover, in order to reduce linkage disequilibrium among gen-
otyped SNPs, we considered only one random SNP per RAD locus. The
last filtering step was carried out in plink v1.9 (Purcell et al., 2007) for
removing loci that were missing for > 10 % of individuals and removed
individuals that contained > 40 % of missing data. The phylogenetic tree
was constructed in R using neighbour-joining method as implemented in
njs R function (Paradis and Schliep, 2019).
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2.12. Eliurus species distribution and Co-Occurrence

We estimated species range areas for the five Eliurus taxa by
computing the minimum convex hull among all sampling sites across
Madagascar for which species identity has been genetically determined
in the present and previous studies. The minimum convex hull was
computed using the Minimum Bounding Geometry algorithm in QGIS 3.22
(QGIS.org 2022). We also quantified Eliurus species co-occurrence across
northern Madagascar, defined as the percentage of sampling sites for
each species where at least one other genetically identified Eliurus spe-
cies was recorded.

3. Results
3.1. Species identification from mtDNA cytb reference phylogeny

Using Maximum-likelihood and Bayesian based phylogenetic ana-
lyses, 13 of the 20 individuals genotyped at the mtDNA cytb grouped
with four previously described Eliurus species: E. carletoni (N = 2),
E. ellermani (N = 3), E. minor (N = 2) and E. myoxinus (N = 6) (Fig. 2a;
Figs. C3, C4). We observed major topological differences between ML
and Bayesian trees at the deeper nodes. The evolutionary relationships
reconstructed using Bayesian-based phylogenetic method (MRBAYES)
were consistent with previous Eliurus phylogenies (e.g., Jansa et al.,
2019). The phylogenetic analyses revealed also a novel mtDNA Eliurus
lineage for the remaining individuals (N = 7), sister-clade of E. myoxinus,
which hereafter we will refer to as Eliurus sp. nova.

The level of average genetic differences (p —distance) across all
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Eliurus species pairs ranged between 6.12 % (E. antsingy — E. carletoni)
and 17.6 % (E. grandidieri — Eliurus sp. nova), with a median of 13.4 %
(Fig. 2b). Among all recognised closely-related Eliurus species pairwise
comparisons, the p —distance value of E. antsingy — E. carletoni was the
lowest (6.12 %), whereas the value of E. antsingy — E. majori was the
highest (12.9 %) (Fig. 2c). The two sister taxa Eliurus sp. nova and
E. myoxinus showed one of the highest levels of average genetic differ-
ences among sister-species (p —distance = 11.3 %), similar to E. minor -
E. myoxinus (p —distance = 11.6 %).

3.2. Rad-data Processing: De novo assembly of nuclear loci

After the three filtering steps described in the Material and Methods
section (process_radtags, clon filter, kmer filter) and data processing
(ustacks, cstacks, sstacks, tsv2bam, gstacks) of each RAD-seq dataset, we
obtained in total about 500 million short-reads (half paired-end and half
single-end), with an average of 4 M reads per individual. The minimum
number of forward reads recovered per individual was 201 K and the
maximum was 5.2 M reads (Table 1). The optimization analysis of de
novo assembly parameters showed that the highest amount of poly-
morphism for r = 80% was atm = 2, M = 5, n = 8 (Figs. C5). The cleaned
catalog of Eliurus spp. was composed of 327,870 loci with an average
length of 780 bp. Across the whole RAD-seq dataset, the weighted mean
individual coverage was between ~ 5X and ~ 40X (Figs. C6). Across the
eleven STACKS datasets, we recovered between 9,000 and 89,662
variant sites, whereas the ANGSD dataset included 392,000 sites.

sister-species 2 closest-species
1 i

b) °)
Eliurus sp. nova .. ..
E. webbi
E. tsingimbato I ‘ . @
@
. 8o
E. tanala . | % of nucleotide g
E. myoxinus ] differences s
. T
E. minor Bs M
- 10 2
E. majori . 5 8
=3 3
E. grandidieri .. | - 2 s
E. ellermani i.’
I 3
E. carletoni -
E. antsingy .
{1 . o
SRS I SRR R I !
RO TR FCAST AR L SR, ; ;
S @ & ,,\90 & o o o & & & &
S & o (9-«\‘(/ W Fola Fo i o oot b e o P
! § 6 $ K & K,
eSS S N e G IEITT S TG
g . WO 3 e
$Z N @ B o o
d) e) o E. carletoni-EFurus sp. nova
E. ellorman-Elunys 5p. nova re
E. myoxinus E. ellomanE. myoxinus £ carotoni & rEac 010 E- elermani
€. minor-Elkurus 9p. 0oV ellermani-£. minor €. carleton-E. myoxinus
E. minor-E. myoxinus.
E ,-‘,w-‘.,.sw:., sp. nova
8o
2
€. minor 3
L
3
&
E. eltermani ;
% ® E. minor-E. minor
00s
\
® E. myoxinus-E. myoxinus.
€. carfetoni
o Eliurus sp. nova-Eliurus sp. nova
:E carletoni-E. carletoni
0.00 E. ellermani-E. ellermani

0.000 0.002 0.008

0,004 0,006
RAD-seq genetic distance

Fig. 2. Inference of the phylogenetic relationships within the Eliurus genus. a) Bayesian-based phylogeny obtained from MRBAYES. The outgroup EU349782.1
corresponds to mtDNA cytb of Rattus norvegicus. b) Matrix of the mtDNA cytb p-distances between Eliurus species pairs. ¢) mtDNA cytb p-distances between closely-
related Eliurus species pairs. The red bar represents the Eliurus sp. nova — E. myoxinus mtDNA cytb p-distance, which is larger than the other four comparisons of
closely-related Eliurus species pairs. d) Maximum-likelihood based phylogeny of Eliurus samples based on nuclear RAD-seq data (N124.pop5.p4.min100; 4.351 SNPs).
On the right side is showed the multialignment from which the phylogeny has been inferred. e) Correlation of pairwise Eliurus sp. genetic differences between mtDNA
cytb and nuclear RAD-seq data. The results suggest a strong correlation between mtDNA cytb and nuclear RAD-seq phylogenies (Spearman rho: 0.896; p-value < 2.2e-
16), and that Eliurus sp. nova could be considered a newly discovered Eliurus species, holding among the highest level of Eliurus sister-species genetic divergence.


http://QGIS.org

G.M. Sgarlata et al.

3.3. Phylogenomic analysis

The maximume-likelihood based phylogeny inferred using the full
RAD-seq dataset (N124.pop5.p4.min100) was consistent with the mtDNA
cytb phylogeny (Spearman rho: 0.896, p-val < 2.2e-16; Fig. 2a, d, e),
although not all Eliurus species were present in the RAD-seq dataset. The
maximum-likelihood based phylogenies were topologically identical
across all RAD-seq datasets, regardless of the sampling scheme, sample
size, or list of included loci (Figs. C7). For the dataset including the
lowest sample size (N15.pop5.p4.minl5), we also performed partitioned
analysis on RAXML, in which, for each partition (equivalent to RAD-
locus), the method estimates the model parameters of the most likely
evolutionary model, while fixing the global set of branch lengths
(Figs. C8a). In addition, we also inferred the maximum likelihood tree
for each partition independently (Figs. C8b). A qualitative comparison
of the tree recovered using the partitioned analysis on RAXML and the
ML trees inferred for each partition showed consistencies between
concatenated, partitioned and gene phylogenies (Figs. C7 and Figs. C8).

3.4. Genomic structure

Clustering analyses conducted with ADMIXTURE and NGSadmix
identified the best number of genetic clusters at K = 6 (CV-error of 0.135
for K=15, 0.097 for K =6 and 0.100 for K = 7; Figs. C9). The coefficients
of individual ancestry estimated from the two approaches showed that at
K = 4, E. myoxinus, E. carletoni, E. ellermani and E. minor were primarily
separated, whereas Eliurus sp. nova showed a mixed ancestry between
E. minor and E. myoxinus, with all individuals exhibiting the exact same
pattern (Fig. 3). These results may be due to the fact that, with the
exception of Eliurus sp. nova and E. myoxinus, our genomic data do not
include sister-species for the other taxa. At K = 5, ADMIXTURE results
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identified population structure within E. carletoni as an additional ge-
netic cluster, and at K = 6, Eliurus sp. nova individuals could be genet-
ically separated from the two closely-related species E. minor and
E. myoxinus. NGSadmix results showed clear genetic differences between
Eliurus sp. nova and the other Eliurus species at K = 5, while revealing
population structure within E. carletoni at K = 6 (Figs. C10). The PCA
analyses performed on genotype calls (STACKS dataset) and likelihood
(ANGSD dataset) showed five distinct clusters of individuals (Fig. 3 and
Figs. C10), corresponding to the genetic clades identified in the phylo-
genetic analyses. The first principal component (PC1) explained 53 % of
the variance, contributing mostly to the delimitation of E. carletoni
against the other Eliurus species. The PC2 explained 16 % of the vari-
ance, clearly separating the remaining four Eliurus taxa. A similar
pattern of separation could be seen with PC3 ( 9 %), while at PC4 ( 4 %)
major differences were observed between Eliurus sp. nova and the other
four Eliurus species.

3.5. Eliurus species delimitation

The phylogenomic and genomic structure analyses above appear to
support the hypothesis of a new distinct Eliurus taxon: Eliurus sp. nova.
The species delimitation analyses carried out with BPP, using all sites
(variant and invariant) of the NI15.pop5.p4.minl15 dataset, for
E. myoxinus, E. minor and Eliurus sp. nova, strongly supported the de-
limitation of the three taxa as distinct species. This topology was always
the best species delimitation model with a posterior probability of 1.0,
across all runs, algorithms and priors (Fig. 4a). The N15.pop5.p4.minl15
dataset was also used to estimate divergence time and population size
parameters using BPP. The estimated values were then used to calculate
the gdi-index, which was essentially equal to 1 (>0.99993) across all
runs and combination of priors (Fig. 4b). For both BPP analyses, MCMC
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convergence was reached and posterior parameters distributions were
concordant across runs, priors’ combinations and MCMC algorithms
(Figs. C12, C13).

The ad hoc test that compares isolation-by-distance (IBD) patterns for
individuals belonging to the same taxon (E. myoxinus - E. myoxinus or
Eliurus sp. nova - Eliurus sp. nova) with IBD patterns for individuals
assigned to different taxa (E. myoxinus - Eliurus sp. nova) (Fig. 4c)
strongly suggest that Eliurus sp. nova does not fit in a model of intra-
specific spatial genetic structure within E. myoxinus. Indeed, we found
positive and significant IBD for E. myoxinus (Mantel’'R = 0.484; p-value
= 0.001) and Eliurus sp. nova (Mantel’R = 0.7386; p-value = 0.001),
whereas negative significant IBD was detected for Eliurus sp. nova-
E. myoxinus (Spearman rho = -0.187; p-value = 0.0017). The results
showed also that, for similar geographical distances, Eliurus sp. nova -
E. myoxinus genetic differences were significantly higher than within
taxa genetic differences (Fig. 4d). Similar patterns could be observed for
two well-recognized Eliurus species, E. ellermani and E. minor, for which
the average proportion of genetic differences is slightly higher than
Eliurus sp. nova- E. myoxinus species pairs (p — distance.,s, = 12.3 %;
Figs. C14).

The percentage of GC content across the Eliurus species included in
our dataset ranged between 46.06 % (E. carletoni) and 46.18 %
(E. myoxinus) (Fig. 4e). We did not observe significant differences among
E. ellermani, E. minor and Eliurus sp. nova, however we found signifi-
cantly different (but partially overlapping) GC content distributions
between Eliurus sp. nova and its sister-taxa E. myoxinus (Fig. 4e).

3.6. Morphological differences among Eliurus species

The DAPC analysis showed that among the four morphological

variables available in our dataset, “head length” had the most weight for
discriminating the five Eliurus species (Fig. 5a; Figs. C15b). In particular,
the Tukey multiple comparison of means revealed significant differences
in head length between two groups of species, namely E. carletoni -
E. ellermani versus E. minor - E. myoxinus - Eliurus sp. nova (p-value <
0.01). The test was also significant for the comparison between
E. myoxinus and E. minor - Eliurus sp. nova (p-value < 0.01) (Fig. 5b).
Similar differences were detected also for “weight” and “body length”
(Figs. Cl5c, e), as expected since they are likely positively correlated.
Morphological analyses thus detected significant differences between
the two sister taxa E. myoxinus and Eliurus sp. nova, the latter being
consistently smaller than E. myoxinus across the three significant
morphological variables. Comparisons with previously published
morphological data confirmed the interspecies morphological differ-
ences observed in our dataset (Figs. C16). Moreover, the PGLS analysis
on each morphological variable showed that “tail length” and “weight”
were negatively correlated with altitude (slope = -0.03, —0.02; p-value
< 0.01, <0.01, respectively), whereas no correlation could be detected
for “head length” and “body length” (Fig. 5; Table B5). The PGLS
analysis carried out on 19 bioclimatic variables exhibited results
consistent with those obtained from altitude, overall showing a decline
in body size with decreasing temperature. However, we found signifi-
cant relationships only between “tail length” or “weight” and part of the
bioclimatic variables, respectively 10 and 16 out of 19 bioclimatic
variables (Figs. C17-C20; Table B5).

3.7. Eliurus species distribution in northern Madagascar

In the present study, we also report new records of Eliurus species
occurrence across northern Madagascar (Figs. C21), leading to an
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Fig. 5. Morphological analysis and correlation with bioclimatic variables. a) DAPC plot for the first two principal components based on four morphological variables
across genetically determined Eliurus individuals (N = 325) sampled across northern Madagascar; b) Multiple comparison Tukey test on “head length”, the variable
that contribute the most on interspecies morphological structure; ¢) PGLS analysis between each morphological variable and altitude. Black line indicates linear
regression without accounting for phylogenetic relatedness. Red line indicates linear regression based on PGLS analysis.

update of the species distribution in area and elevation. Among the four
previously known Eliurus species, E. myoxinus and E. minor presented the
widest distribution in Madagascar, 378,000 km? and 261,423 km?,
respectively, followed by E. ellermani and E. carletoni with, 45,500 km?
and 6,980 km?. Eliurus sp. nova was found in Montagne d’Ambre ( 249
km?), and never identified in the other forests we visited. The new re-
cords presented in this study led to an update in species range area
(minimum convex hull) of 69 % for E. carletoni, 8.26 % for E. myoxinus,
7.38 % for E. ellermani and 2.51 % for E. minor. The altitudinal range
varied across Eliurus species (Figs. C22): between 37 m and 1,002 m for
E. carletoni; between 40 m and 1,284 m for E. myoxinus; between 289 m
and 1,558 m for E. ellermani; between 289 m and 2,016 m for E. minor;
between 812 m and 1,057 m for Eliurus sp. nova. We found significant
differences in elevational range among all Eliurus sp. pairwise compar-
isons, except for E. minor - Eliurus sp. nova (p-value = 0.14) and
E. ellermani - Eliurus sp. nova (p-value = 0.78).

4. Discussion

In the present study, we analysed mitochondrial and nuclear
genomic data of 124 Malagasy endemic tuft-tailed rats (Eliurus genus)
collected in northern Madagascar. We showed that the species delin-
eation previously defined using mitochondrial data were supported by
nuclear genomic data for the four species previously identified in
northern Madagascar. Our analyses have also identified an undescribed
Eliurus clade (Eliurus sp. nova), recovered from individuals collected in
the humid forests of Montagne d’Ambre. We hypothesized that the
newly identified Eliurus genetic clade would correspond to an evolu-
tionary unit distinct from the other known Eliurus species. We tested our
hypothesis by performing a series of phylogenetic inferences using ML
and MSC based approaches, and by evaluating pattern of genomic and
morphological diversity. We assessed the support for the Eliurus sp. nova
species hypothesis by using five approaches: i) the species delimitation
tests based on MSC model, ii) gdi-index, iii) the ad-hoc test of isolation-
by-distance within versus between sister-taxa; iv) GC-content analysis;
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and v) morphological analyses. Our results support the delimitation of
the newly discovered Eliurus clade as a distinct species. In addition, we
showed that, in northern Madagascar, the dry-habitat associated
E. myoxinus can actually be mostly found in humid habitats. We discuss
below the implications of such findings in the context of Eliurus species
evolution and diversification. Lastly, we confirm that Eliurus species co-
occurrence is common in northern Madagascar, and update the distri-
bution of previously known species.

4.1. Eliurus mitochondrial genetic diversity

Among the 124 individuals sampled in the dry, humid and transition
forests across a region of 12,000 km? we genetically assigned the
sampled individuals to four previously known Eliurus species
(E. carletoni, E. myoxinus, E. minor, E. ellermani). In addition, we iden-
tified a new Eliurus taxon (Eliurus sp. nova). The phylogenetic relation-
ships inferred from mtDNA cytb sequences were in agreement with
previous phylogenies (Jansa et al., 1999, 2019), and placed the new
taxon, Eliurus sp. nova, as sister-taxon of E. myoxinus (Fig. 2a). The
mtDNA cytb genetic divergence between Eliurus species pairs suggested
strong level of genetic differentiation within the Eliurus genus (6.12 % —
17.6 %; Fig. 2b). Previous analyses at the mtDNA cytb of six out of
thirteen Eliurus species showed similarly high values of pairwise species
genetic differences (4.7 % — 13.2 %; Jansa et al., 2019). As a compar-
ison, the average species genetic differences measured at the same
mitochondrial locus in a small primate genus endemic of Madagascar
(Microcebus spp.) ranged between 0.9 % and 15.3 % (e.g., Sgarlata et al.,
2019). The Eliurus sp. nova - E. myoxinus sister-taxa showed the highest
level of genetic differences compared to the other Eliurus sister-species
comparisons, and the second highest when also the second most
closely-related species were considered (Fig. 2c). The fact that mtDNA
sequences of Eliurus sp. nova do not cluster with E. myoxinus individuals
sampled across the whole island (Table B2) suggests that Eliurus sp. nova
mtDNA divergence is not related to incomplete sampling of E. myoxinus
geographic variation in mtDNA diversity. Altogether, the mtDNA cytb
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results strongly supports the species hypothesis for Eliurus sp. nova.

While no new Eliurus species has been described in Montagne
d’Ambre, Tysdal and Jansa (2014) reported in a poster the presence of a
new Eliurus taxon sampled in the northeast coast of Madagascar. They
also found it to be closely related to E. myoxinus and E. minor. Future
work should confirm whether the Eliurus sp. nova identified in the
present study and the new taxon in Tysdal and Jansa (2014) belong to
the same lineage.

4.2. Nuclear genomic diversity of Eliurus species in northern Madagascar

The comparison of individuals genotyped at both mtDNA and nu-
clear DNA have confirmed the presence of five Eliurus taxa in our dataset
(Figs. C3). The results based on nuclear genome-wide data confirmed the
tree topology recovered using MrBayes from mtDNA cytb, which rep-
resents diversity across the whole island, and were in agreement with
the topology obtained in previous studies (e.g., Jansa et al., 2019).
Genome-wide PCA and clustering analysis have further confirmed the
genomic differentiation across the five Eliurus taxa (Fig. 3 and
Figs. C10). We also used ADMIXTURE to explore questions of genetic
differentiation. By doing so we were aware that the method should be
interpreted with care, as it was developed to study differentiation within
species. Its results can be difficult to interpret when related species with
different spatial distributions are analyzed together. The ADMIXTURE
analyses for K = 4 identified Eliurus sp. nova individuals with signatures
that could be interpreted as “admixture” between E. myoxinus and
E. minor. At K = 6 (or at K = 5 in Figs. C10) this signal disappeared and
all individuals were assigned to a unique cluster. When either Eliurus sp.
nova or E. myoxinus were excluded from the analyses (Figs. C11), similar
“admixture” signatures were also observed between well-recognized
species for which there is no evidence of admixture in the literature
(e.g., Jansa et al., 2019). This suggests that these “admixture” signatures
should be interpreted with care. Our caution is in line with several
theoretical studies demonstrating that admixed ancestry patterns, as
shown from ADMIXTURE or STRUCTURE analyses, are not a proof of
hybridization, since these patterns can be obtained from simulated
scenarios that do not include admixture (e.g., Carstens et al., 2013;
Payseur and Rieseberg, 2016; Lawson et al., 2018). In addition, if Eliurus
sp. nova individuals are to be considered admixed individuals of
E. myoxinus and E. minor, then one would need to explain why all Eliurus
sp. nova mtDNA haplotypes show strong divergence with both E. minor
and E. myoxinus haplotypes, that is higher than all other pairwise
comparison between Eliurus sister- and 2nd closest- taxa (Fig. 2c). In
conclusion, we did not find clear signature of admixed co-ancestry
among Eliurus species, which may lead to exclude events of recent
admixture or hybridization among them, at this stage (Fig. 3).

The congruence obtained among our different analyses can be
considered a good indicator of true evolutionary signal in the data
(Hillis, 1995; Rubin et al., 2012), and therefore we propose that, ac-
cording to the phylogenetic species concept (Rosen, 1979; Baum and
Shaw, 1995), Eliurus sp. nova should correspond to an undescribed
Eliurus species, possibly the same as the one mentioned by Tysdal and
Jansa (2014).

4.3. Eliurus species delimitation

Classical concatenation models of gene sequences, which assumes
topologically congruent genealogies across the genome, oversimplify
the genome-wide variability of the biological processes (e.g., incomplete
lineage sorting, recombination) (Rannala and Yang, 2003; Edwards
et al., 2016). The multispecies-coalescent (MSC) model has been pro-
posed as an alternative model able to capture such variability and esti-
mate gene trees, together with species trees, by taking into account the
diversity of genealogical histories in the genome (Rannala and Yang,
2020,2003). The MSC model has been shown to perform better for
species identification than genetic distance approaches that rely on
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empirical distance thresholds (Yang and Rannala, 2017). Moreover,
recent studies have shown that MSC-based approaches outperform
concatenation models for species tree inference (Jiang et al., 2020). The
additional analyses performed under the MSC model implemented in
BPP strongly supported the separation of E. minor, E. myoxinus and
Eliurus sp. nova as separate species, with ((E. myoxinus, Eliurus sp. nova),
E. minor) as the species delimitation model with highest support (P(3) =
1; Fig. 4), across all runs and combinations of priors.

Two recent studies (Jackson et al., 2017; Leaché et al., 2019) have
shown that even in cases where two populations (or putative species)
exchange genes at a relatively high rate (Nm = 10), such that they
should be considered nearly one population, MSC-based species delim-
itation approaches would select a two-species model over a one-species
model. In other words, MSC-based approaches may favour species over-
splitting even in the case of ongoing gene-flow between populations, and
thus mis-interpret population structure as evidence for species delimi-
tation. To overcome this limitation in MSC-based species delimitation
models, Jackson et al. (2017) have proposed the gdi index, which cal-
culates the degree of non-monophyly in a set of gene-trees. Using the
parameters estimated under MSC with ((E. myoxinus, Eliurus sp. nova),
E. minor) as species tree, we found that the gdi-index was consistently
higher than 0.999 across runs and combinations of priors. Based on
Pinho and Hey (2010) meta-analysis, Jackson et al. (2017) proposed that
gdi < 0.2, should be interpreted as evidence for one single species, a gdi
> 0.7 as evidence for two-species model, and 0.2 <gdi < 0.7 as
ambiguous delimitation. According to this rule of thumb, our gdi results
strongly supported the delimitation of Eliurus sp. nova a separate
species.

We also performed an ad hoc test, aimed at evaluating if the Eliurus
sp. nova clade could be the result of insufficient geographical and taxon
sampling, thus be part of the spatial genetic structure within
E. myoxinus. The reasoning underlying such test is that species are often
characterized by geographically limited dispersal (e.g., Sexton et al.,
2014), such that geographically close individuals tend to be genetically
more related than individuals far apart, called isolation-by-distance
(IBD) (Wright, 1943; Malécot, 1948). The signal of spatial genetic
structure due to limited dispersal can create cline in genetic diversity
that if not taken into account, especially when taxa are insufficiently
sampled, can lead to misinterpret intraspecies population structure as
evidence for species delimitation (Barley et al., 2018; Hausdorf and
Hennig, 2020; Mason et al., 2020). We found that individuals mtDNA
identified as E. myoxinus exhibit signatures of IBD at the nuclear
genome, suggesting that E. myoxinus belong to those species charac-
terised by geographically-limited dispersal. Therefore, we compared IBD
patterns within E. myoxinus and Eliurus sp. nova, with IBD computed
only among E. myoxinus - Eliurus sp. nova individual pairs. If Eliurus sp.
nova individuals are not a population of E. myoxinus, we would expect i)
no IBD for E. myoxinus - Eliurus sp. nova comparisons; and ii) signifi-
cantly higher genetic distances between taxa than within taxa, keeping
in mind that genetic differentiation is expected to reach plateau (sta-
tionary value of differentiation) for large geographical distances
(Rousset, 1997,2000). In this regard, our results showed that Eliurus sp.
nova is likely a distinct species and not the result of insufficient taxon
sampling and spatial genetic structure within the sister-taxa E. myoxinus
(Fig. 4c, d).

Although the geographical distribution of the sampled RAD-
sequenced individuals is more limited than for the mtDNA samples,
we do not expect that our results would change by adding RAD-
sequenced E. myoxinus individuals sampled across the whole island. In
fact, as shown in Fig. 4c and as discussed in van Strien et al., (2015),
genetic distances in spatially structured species do not increase mono-
tonically with geographical distance, but reach a plateau (in the case of
E. myoxinus at ~ 25 km), beyond which the relationship between genetic
and geographic distances flattens out, even if it can still increase. This
strongly suggests that including samples from locations further apart
from our studied region (>150 km), should not show significant increase
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in genetic distances.

Finally, we found significant differences in GC content for all Eliurus
species pairwise comparisons, except E. ellermani-E. minor-Eliurus sp.
nova (Fig. 4e). Most importantly, we showed significant differences
between Eliurus sp. nova and its sister-species E. myoxinus. The small
differences recovered among Eliurus species (GC = 46.06 % — 46.18 %)
are consistent with GC content pattern across placental mammals
(Romiguier et al., 2010). For instance, Romiguier et al. (2010) showed
similar small differences in GC content between Homo sapiens (GC3 =
46.1 %) and Pan troglodytes (GC3 = 46.09 %), or between Rattus nor-
vegicus (GC3 = 51.46 %) and Mus musculus (GC3 = 51.24 %). Quanti-
fying GC content across species can be informative on differences in
genomic architecture, since it has been shown that GC content correlates
with several genomic features, such as gene density, methylation rate,
recombination rate, and expression levels (Eyre-Walker and Hurst,
2001; Kudla et al., 2006). Thus, differences in %GC between the two
sister-taxa Eliurus sp. nova and E. myoxinus suggest that the genomic
architecture of these two taxa may be significantly different, further
supporting the initial hypothesis that Eliurus sp. nova should be
considered a new Eliurus species. Moreover, this observation points out
that important “islands of differentiation” may be present in the genome
of these two taxa and should be considered in future work.

4.4. Morphological diversity of the Eliurus genus in northern Madagascar

Morphological analyses provided further evidence for distinguishing
Eliurus sp. nova from E. myoxinus (Fig. 5b and Figs. C15c-e). Overall,
morphological data suggested that Eliurus sp. nova and E. minor have
similar size, and are smaller than E. carletoni, E. myoxinus and
E. ellermani. Such patterns were consistent with those obtained from
previously published morphological data for E. carletoni, E. ellermani,
E. myoxinus and E. minor, even from localities far apart from our study
region (Figs. C16). We went further in our analysis, assessing whether
species differences in morphology would be related to bioclimatic con-
ditions. Interestingly, we found that across Eliurus species, “body length”
(although not significant), “tail length” and “weight” negatively corre-
lated with altitude (Fig. 5c), suggesting that Eliurus body size tend to
decrease at higher altitude. Since higher elevation correlates with colder
climate (e.g., Figs. C17), the pattern observed in the Eliurus genus rejects
Bergmann’s rule, which states that species occurring in colder areas
have larger body size than species occurring in warmer areas (Bergmann
1847). It has been proposed that such clines in body size minimize heat
loss by decreasing the surface-to-volume ratio for species in colder areas
(Mayr, 1956). Although support for Bergmann’s rule has been found
across mammal and bird taxa (e.g., Blackburn et al., 1999; Ashton et al.,
2000; Meiri and Dayan, 2003; Blackburn and Hawkins, 2004; Romano
et al., 2020), several other studies have shown that this is not always the
case (e.g., Adams and Church, 2008; Rodriguez et al., 2008; Feldman
and Meiri, 2014; Maestri et al., 2016; Hendges et al., 2021). For
example, Rodriguez et al. (2008) and Maestri et al. (2016) have reported
positive correlation between body size and ambient temperature across
more than 250 mammal species sampled in the Neotropics (most of
which were sigmodontine rodents). The conclusion drawn by Rodriguez
et al. (2008) is that the Bergmann’s heat-conservation mechanism,
which underlies the increase in body size with latitude (i.e., towards
colder areas), should apply only to regions with cold climate (e.g.,
Nearctic). Instead, in regions with warm climate (e.g., Neotropics),
topography would play a major role in shaping body size across mam-
mals (i.e., mountainous versus lowland). One possible explanation, dis-
cussed by Rodriguez et al. (2008), is that climate and habitat quality are
similar in mountains and lowlands of cold regions, while showing a
stronger gradient in warm region. Because lower temperature correlates
with lower habitat quality in mountains of the warm regions, a possible
explanation for the positive correlation between body size and tem-
perature is that the mountainous habitats of the Neotropics are not good
enough for sustaining many species of large body size (Alhajeri and
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Steppan, 2016). The trend found by Rodriguez et al. (2008) and Maestri
et al. (2016) in the Neotropics recall the negative correlation that we
found between body size and altitude in Eliurus individuals sampled
across the diverse topography of northern Madagascar. Accordingly, we
propose that the decline in body size observed in Eliurus individuals
sampled at higher altitude may be explained by the putative lower
primary productivity of the mountainous habitats compared to lowland
habitats.

4.5. Eliurus species distribution and biogeography in northern
Madagascar

The importance of exhaustive geographic sampling has been a cen-
tral debate in taxonomy, but it has only recently received more attention
(Meyer and Paulay, 2005; Wiemers and Fiedler, 2007; Bergsten et al.,
2012). Regarding the Eliurus genus, for instance, the study of Jansa et al.
(2019) showed that increasing the geographic coverage of samples
belonging to the Eliurus tanala group (E. ellermani, E. tanala and
E. tsingimbato) provided a better representation of population variation
in species morphology. In particular, Jansa et al. (2019) revealed that a
trait thought to be unique within E. ellermani was actually shared with its
close relative E. tanala.

In the light of the crucial role that geographical sampling plays, we
combined the new data reported in the present work with those from
previous studies, and carried out an updated analysis of the geographic
distribution and elevational range of the Eliurus species found in
northern Madagascar. We found that among the five Eliurus taxa herein
studied, E. myoxinus and E. minor are the species with the widest dis-
tribution across Madagascar, respectively 378,000 km? and 261,423
km? (Figs. C21). Prior to this study, E. myoxinus was mostly known from
the dry deciduous forests and xerophytic scrub bush of western
Madagascar, with few reported occurrences in the humid forests of
northern-east Madagascar (Puy and Moat 1996; Soarimalala and
Goodman, 2003; Shi et al., 2013). The present study reveals frequent
occurrences of E. myoxinus also in northern Madagascar, in both dry and
lowland humid forests at altitudes ranging from 40 to 1284 m
(Figs. C22). In particular, we found that among the sites where
E. myoxinus individuals have been sampled for the present study, 77 %
(14/18) are characterised by humid habitat and 22 % (4/18) by dry
habitat (Fig. 1 and Table 1). In northern Madagascar, the first reporting
of E. myoxinus individuals in humid habitats dates back to the work of
Goodman and Soarimalala (2002) and Soarimalala and Goodman
(2003), documenting the presence of this species in the Special Reserve
of Manongarivo (in the northwest), in the humid forests of Loky-
Manambato protected area (in the north) and National Park Marojejy
(in the northeast). Morphological comparisons of E. myoxinus in-
dividuals collected from the south to the north of Madagascar showed a
cline in body size, from the largest size in the south to the smallest in the
north (Carleton and Goodman, 2007). Such decline in body size in the
direction of the most humid northern populations, coincides with the
increase in morphological similarity of E. myoxinus with E. minor, known
to be associated with humid habitats of north and east Madagascar. The
increasing similarity with the humid-associated E. minor, and the
occurrence of E. myoxinus in both dry and mesic habitats, may point out
to a mechanism of local adaptation or phenotypic plasticity. However,
the fact that the other two closely-related Eliurus lineages (E. minor and
Eliurus sp. nova) are humid-associated species may suggest that the
ancestor of E. myoxinus was adapted to humid habitat and that
E. myoxinus expanded southward. A similar hypothesis has been pro-
posed in the unpublished work of Tysdal and Jansa (2014), where the
authors compared Eliurus phylogeny with the habitat type to which each
Eliurus species is associated. They found that i) seven out of eleven
Eliurus species occurs in humid habitats, and that ii) dry-associated
Eliurus species are not necessarily phylogenetically related. They pro-
posed that most speciation in the Eliurus genus occurred in humid and
evergreen forests, and that at least three independent events of
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adaptation to dry habitats occurred within the genus, specifically for: i)
E. myoxinus; ii) E. tsingimbato; and iii) E. carletoni + E. antsingy.

With this study, we also report, for the first-time, evidence for the
presence of E. carletoni in humid habitats of northern Madagascar, cor-
responding to 24 % (5/21) of E. carletoni sampling sites (e.g., ANDRA,
ANDR, SAL, BEZ and ANALV; Fig. 1). Similar findings have been re-
ported by Goodman et al. (2009), which sampled E. carletoni individuals
in mesic vegetations within the deep canyons of the Ankarana Massif.
The presence of E. carletoni in both dry and humid habitats could be
explained by i) ecological tolerance, allowing this species to occupy
areas of moister habitats; or ii) the presence of dry microclimatic con-
ditions that favour E. carletoni persistence in mostly humid localities.
E. myoxinus and E. carletoni represent two interesting case studies for
possibly studying adaptation to dry and humid habitats. At this stage,
this scenario is largely speculative and it will require genetic and
detailed phenotypic data across the whole species range to test such
hypothesis and assess to which extent dry-adaptation is due to genetic
adaptation or phenotypic plasticity.

In the dry southern Madagascar, previous studies have reported the
presence of E. myoxinus in the small moisty areas of the canyons of Isalo
and Analavelona Massif (Carleton et al., 2001). These two localities have
been suggested to be Quaternary relics of wetter climatic conditions
across this region (Burney, 1993; Goodman and Rakotozafy, 1997;
Raxworthy and Nussbaum, 1997; Carleton et al., 2001), further sup-
ported by evidence of ancient connectivity between the present-day
humid eastern and dry western Madagascar (Goodman and Rakoto-
zafy, 1997; Jansa et al., 1999; Muldoon et al., 2009; Goodman et al.,
2013b; Yoder et al., 2016). In fact, Jansa et al. (1999) found in the
canyons of Isalo (in the southwest), together with E. myoxinus, also an
Eliurus form related to the eastern E. majori. Muldoon et al. (2009) found
in the Ankilitelo Cave (in the south-west) subfossils of shrew tenrecs,
carnivorans and rodents which have modern distributions in areas more
humid than the present-day dry southwestern Madagascar. Yoder et al.
(2016) found stronger genetic proximity between two mouse lemurs
(Microcebus) occurring in different ecoregions, the humid forests of the
east (M. rufus) and the dry deciduous forests of the west (M. berthae),
than mouse lemurs occurring in the same ecoregion, suggesting that
forest-dwelling species such as Microcebus could disperse across the
Central Highlands in the ancient past.

Assuming that E. myoxinus was originally restricted to humid habi-
tats, we propose that also the humid forest fragments where E. myoxinus
has been found in northern Madagascar represents relics of an ancient
wetter period. In fact, these humid forest fragments coincide with sites
that have been suggested to represent humid refugia (Sgarlata et al.,
2019) when dry conditions increased in northern Madagascar during the
Holocene (Jungers et al., 1995; Simons et al.,, 1995; Godfrey et al.,
1999). For instance, Sgarlata et al. (2019) have reported the presence in
these fragmented humid forests of another small mammal, the Arnhold’s
mouse lemur (Microcebus arnholdi), which until 2019 was known only
from Montagne d’Ambre (in the far north) and from one site in north-
west Madagascar (Weisrock et al., 2010). The discovery of new
M. arnholdi populations in fragmented humid forests surrounded by dry
forests has led the authors, supported by fossil evidences (Jungers et al.,
1995; Simons et al., 1995; Godfrey et al., 1999), to hypothesise that in
the recent past northern Madagascar was most likely covered by humid
habitat, and that following the aridification of the Holocene only few
mountain forests could maintain humid conditions suitable to the
persistence of humid-adapted species. According to this scenario, only
some populations of E. myoxinus and M. arnholdi have persisted during
the dry conditions of the Holocene. Similar scenarios have been pro-
posed to explain the demographic history, and distribution of two Eliurus
species in northern Madagascar (Eliurus carletoni and Eliurus tanala;
Rakotoarisoa et al., 2013a, 2013b), sifaka (Propithecus tattersalli;
Quémeére et al., 2012; Salmona et al., 2017) and the leaf chameleons (e.
g., Brookesia ebenaui and Brookesia minima; Raxworthy and Nussbaum,
1995). Future population genomic analyses may shed light on the time
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scale of forest cover change in northern Madagascar and on the envi-
ronmental changes that have shaped its present-day biodiversity.

4.6. Eliurus Sympatry: More common than rare

In the present study, we also document frequent cases of Eliurus
species co-occurrence (sympatry and sintopy) in northern Madagascar
(Table 1; Fig. 1). In particular, we found a co-occurrence frequency of
43 %, 90 %, 38 % and 56 %, respectively for E. carletoni, E. ellermani,
E. minor and E. myoxinus with at least one other Eliurus species occurring
in the study region. Eliurus sp. nova is currently only known from
Montagne d’Ambre, and thus in co-occurrence with E. ellermani. Eliurus
records collected in previous studies have shown that sympatry between
Eliurus species is common (Carleton, 1994; Jansa et al., 2019; Table C6).
As pointed out by Goodman et al., (2013a), however, Eliurus sympatry
rarely involves closely-related species. The genetic analyses we per-
formed, such as ADMIXTURE or PCA, did not reveal signature of
ongoing admixture between sympatric Eliurus species, suggesting that
even if in co-occurrence, these species are most likely reproductively
isolated. Not many studies have looked at how several Eliurus species
can co-exist in the same sites and what are the mechanisms behind
reproductive isolation. A PhD thesis by Kathrin Marquart (Marquart,
2014), has however shown that niche repartition may be one of the
mechanisms that make Eliurus species coexistence possible. In fact,
Marquart (2014) observed that, among the four Eliurus taxa found in
Maromizaha, north-eastern Madagascar (E. minor, E. tanala, E. webbi,
E. grandidieri), some species could be preferentially captured at ground
level and medium high vegetation (e.g., E. tanala), while others were
exclusively found in high vegetation (E. webbi). The author also identi-
fied different behaviours across Eliurus taxa, some considered great
climbers (E. minor) whereas others were seen using ground level or
swimming along riverside (E. tanala). Some of these differences in
behaviour and microhabitat-use were qualitatively correlated with dif-
ferences in the morphology of the posterior hindfoot (E. webbi versus E.
tanala-E. grandidieri-E. minor), which led the author to conclude that
certain morphological structures of Eliurus feet give evidence of a spe-
cific way of life and that foot pad morphology in particular, mirrors
special adaptations to a species’ habitat.

4.7. Conclusions and Future directions

In the present work, we have assessed the species genomic diversity
of the Eliurus genus in northern Madagascar, representing the first multi-
species genomic study of the genus. We document the discovery of a new
species, Eliurus sp. nova, in the mountain humid forest of Montagne
d’Ambre, supporting the idea that this mountain forest contains
extraordinary levels of biodiversity and microendemism across several
taxa, representing an ‘island’ of humid habitat surrounded by drier
habitat (Raxworthy and Nussbaum, 1994; Glaw et al., 2009, 2012; Louis
et al., 2008; Lei et al., 2015; Scherz et al. 2020; Rasolonjatovo et al.,
2020; Camacho et al., 2021; Rakotoarison et al., 2022). The concor-
dance between gene trees and species tree, together with the differences
in %GC detected among the studied species, emphasize major differ-
ences in genomic architecture among Eliurus taxa. Future work may
focus on detecting ‘islands of genomic differentiation’ among closely-
related Eliurus species, in order to identify genomic regions involved
in reproductive isolation or in the adaptation to dry versus humid hab-
itats. We also showed that, in northern Madagascar, E. myoxinus occurs
mostly in humid habitats, in contrast to what was previously believed for
this species (e.g., Soarimalala and Goodman, 2003; Shi et al., 2013). We
also document the presence of the dry-associated E. carletoni in humid
forests of northern Madagascar. These findings might have important
implications for our understanding of Eliurus evolution and diversifica-
tion. In fact, the E. myoxinus populations identified in the humid forests
of northern Madagascar may contain genetic information that could
contribute to our understanding of the genomic basis of adaptation to
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dry and humid habitats. Ultimately, we confirmed that Eliurus species
often co-exist in the same forest fragments, suggesting niche separation
of Eliurus species within the same environment. Additional work is
required to uncover the eco-evolutionary mechanisms that make such
co-existence possible. In conclusion, although we provide extensive
evidence for the discovery of a new Eliurus species, its formal description
is outside the scope of the current study. However, we wish to stress that
the description of new species does not necessarily require vouchered
specimens, since the lack of vouchers is less and less considered an
incontrovertible obstacle for (taxonomic) research. For instance,
Waeber et al., (2017) write that “although the International Code of
Zoological Nomenclature (ICZN) recommends the designation of a single
specimen as holotype (article 16.4.1 of the ICZN) for the description of a new
species or subspecies published after 1999, a preserved specimen has never
been mandatory (Wakeham-Dawson et al., 2002)”. That being said, we
are not questioning the importance of museum collections, but rather
pointing out that the impossibility of formally describing a species
without a vouchered specimen is not universally agreed upon, especially
when the taxon under consideration is endangered and subjected to
anthropogenic pressure. We thus think that, while vouchers could be a
plus, it is more than acceptable to identify the new taxon as a new
species here, but keep its formal description for a future study.
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