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Abstract
Madagascar	exhibits	exceptionally	high	levels	of	biodiversity	and	endemism.	Models	
to	explain	the	diversification	and	distribution	of	species	in	Madagascar	stress	the	im-
portance	of	historical	variability	in	climate	conditions	which	may	have	led	to	the	for-
mation	of	geographic	barriers	by	changing	water	and	habitat	availability.	The	relative	
importance	of	these	models	for	the	diversification	of	the	various	forest-	adapted	taxa	
of	Madagascar	has	yet	to	be	understood.	Here,	we	reconstructed	the	phylogeographic	
history	 of	 Gerp's	 mouse	 lemur	 (Microcebus gerpi)	 to	 identify	 relevant	 mechanisms	
and	drivers	of	diversification	in	Madagascar's	humid	rainforests.	We	used	restriction	
site	associated	DNA	(RAD)	markers	and	applied	population	genomic	and	coalescent-	
based	techniques	to	estimate	genetic	diversity,	population	structure,	gene	flow	and	
divergence	times	among	M. gerpi	populations	and	its	two	sister	species	M. jollyae	and	
M. marohita.	 Genomic	 results	were	 complemented	with	 ecological	 niche	models	 to	
better	understand	the	relative	barrier	function	of	rivers	and	altitude.	We	show	that	
M. gerpi	diversified	during	the	late	Pleistocene.	The	inferred	ecological	niche,	patterns	
of	gene	flow	and	genetic	differentiation	in	M. gerpi	suggest	that	the	potential	for	rivers	
to	act	as	biogeographic	barriers	depended	on	both	size	and	elevation	of	headwaters.	
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1  |  INTRODUC TION

The	 island	 of	 Madagascar	 has	 been	 separated	 from	 other	 land	
masses	for	more	than	80 million	years	(Pande	et	al.,	2001;	Plummer	
&	Belle,	1995;	but	see	Masters	et	al.,	2020),	allowing	a	unique	flora	
and	fauna	to	evolve.	It	is	one	of	the	most	biologically	diverse	places	
on	earth	and	exhibits	exceptionally	high	levels	of	endemism	across	
taxonomic	 levels	 in	 both	 plants	 and	 animals	 (Estrada	 et	 al.,	2017; 
Goodman	&	 Benstead,	2005).	 Due	 to	 a	 large	 number	 of	 endemic	
radiations,	 congruent	biogeographic	patterns	across	 taxa	and	pro-
nounced	environmental	 gradients,	Madagascar	 is	 a	 promising	 sys-
tem	to	study	the	drivers	of	the	evolution	of	biodiversity	in	tropical	
ecosystems	(Vences	et	al.,	2009).	Madagascar's	ecosystems	are	also	
severely	threatened	by	the	loss	and	fragmentation	of	natural	vege-
tation	structures	(Estrada	et	al.,	2017;	Morelli	et	al.,	2020;	Schwitzer	
et	al.,	2013),	making	it	a	major	biodiversity	hotspot	and	conservation	
priority	(Ganzhorn	et	al.,	2001;	Myers	et	al.,	2000).

Models	to	explain	the	diversification	and	distribution	of	species	
in	Madagascar	and	the	tropics	more	generally	have	stressed	the	im-
portance	 of	 historical	 variability	 in	 climate	 conditions,	 particularly	
during	the	Pleistocene.	Specifically,	models	of	lineage	diversification	
have	 identified	 changing	 water	 and	 habitat	 availability	 depending	
on	 altitude	 as	 a	 potential	 driver	 of	 speciation	 (reviewed	 in	Brown	
et	 al.,	2014;	Hewitt,	2000;	Vences	et	 al.,	2009).	 It	 is	 generally	 as-
sumed	that	the	island's	climate	underwent	cycles	of	cooler	dry	and	
warmer	humid	conditions	that	were	linked	to	the	global	temperature	
fluctuations	associated	with	alternating	glacial	and	interglacial	peri-
ods	in	the	Quaternary	(Burney	et	al.,	2004;	deMenocal,	2004;	Ehlers	
&	Gibbard,	2011;	Gasse	&	Van	Campo,	2001;	Snyder,	2016;	Teixeira,	
Montade,	et	al.,	2021).	Hypotheses	such	as	the	riverine	barrier	(Craul	
et	al.,	2007;	Goodman	&	Ganzhorn,	2004;	Martin,	1972)	and	retreat-	
dispersal	watershed	models	(see	also	Eco-	Geo-	Clim	model;	Mercier	
&	Wilmé,	2013;	Wilmé	et	al.,	2006)	argue	that	forest	habitats	were	
likely	widespread	and	continuous	during	warm	and	humid	conditions	

coinciding	with	interglacials,	facilitating	high	connectivity	for	forest-	
adapted	species	over	large	distances	and	providing	corridors	to	cross	
riverine	barriers	at	higher	elevation	headwater	regions.	In	contrast,	
forests	likely	contracted	to	isolated	refugia	during	cooler	and	more	
arid	conditions	 (Burney	et	al.,	1997;	Gamisch	et	al.,	2016;	Gasse	&	
Van	Campo,	2001;	Kiage	&	Liu,	2016),	with	the	consequence	that	an	
expanding	open	arid	landscape	or	rivers	could	no	longer	be	crossed.	
Refugial	populations	are	hypothesized	to	have	evolved	in	allopatry	
with	increasing	genetic	differentiation,	thus	leading	to	reproductive	
isolation	over	time.

The	 relative	 importance	 of	 the	 proposed	 biogeographic	 mod-
els	 for	 the	 diversification	 of	 the	 various	 forest-	adapted	 taxa	 of	
Madagascar	with	differing	life	history	strategies	and	dispersal	abil-
ities	has	yet	 to	be	understood.	For	 instance,	 rivers	delimit	 species	
distributions	and	determine	population	structure	in	some	lemur	taxa	
(e.g.,	Craul	et	al.,	2007;	Pastorini	et	al.,	2003)	but	not	in	others	(e.g.,	
Craul	 et	 al.,	2008;	 Sgarlata	et	 al.,	2018).	Accordingly,	more	empir-
ical	work	 is	needed	to	 identify	how	and	why	the	evolutionary	tra-
jectory	of	different	lineages	has	been	shaped	by	different	types	of	
barriers.	Genome-	scale	phylogeographic	studies	are	a	valuable	tool	
to	quantify	genetic	variation	in	a	spatial	and	temporal	context	with	
unprecedented	 confidence	 and	 resolution.	 Such	 studies	 allow	 the	
identification	of	genetic	patterns	and	the	development	of	informed	
hypotheses	of	the	evolutionary	processes	that	may	be	responsible	
for	 the	observed	patterns	 (Berv	et	 al.,	2021;	Corbett	et	 al.,	2020; 
Poelstra	et	al.,	2018;	Tiley	et	al.,	2022).

Mouse	 lemurs	 of	 the	 genus	 Microcebus	 (Cheirogaleidae)	 are	
particularly	 well-	suited	 for	 modeling	 diversification	 processes	 of	
forest-	adapted	mammals	in	Madagascar.	The	mouse	lemur	radiation	
comprises	at	least	24	cryptic,	nocturnal	species	that	can	be	found	in	
all	forest	habitats	and	bioclimatic	zones	of	Madagascar	and	many	of	
which	are	restricted	to	narrow	geographic	ranges	(microendemism)	
(Hotaling	et	al.,	2016;	Mittermeier	et	al.,	2010;	Poelstra	et	al.,	2021; 
Schüßler,	Blanco,	et	al.,	2020).	Due	to	their	small	size,	short	generation	

Populations	on	opposite	sides	of	the	 largest	river	 in	the	area	with	headwaters	that	
extend	far	into	the	highlands	show	particularly	high	genetic	differentiation,	whereas	
rivers	with	 lower	elevation	headwaters	have	weaker	barrier	functions,	 indicated	by	
higher	 migration	 rates	 and	 admixture.	We	 conclude	 that	M. gerpi	 likely	 diversified	
through	 repeated	 cycles	of	 dispersal	 punctuated	by	 isolation	 to	 refugia	 as	 a	 result	
of	paleoclimatic	fluctuations	during	the	Pleistocene.	We	argue	that	this	diversifica-
tion	scenario	serves	as	a	model	of	diversification	 for	other	 rainforest	 taxa	 that	are	
similarly	 limited	by	geographic	factors.	 In	addition,	we	highlight	conservation	impli-
cations	for	this	critically	endangered	species,	which	faces	extreme	habitat	 loss	and	
fragmentation.

K E Y W O R D S
coalescent,	diversification,	Madagascar,	Microcebus,	phylogeography,	RAD	sequencing

T A X O N O M Y  C L A S S I F I C A T I O N
Biogeography,	Conservation	genetics,	Demography,	Genomics,	Population	genetics,	Zoology
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time	and	high	habitat	specificity	(Mittermeier	et	al.,	2010),	it	can	be	
hypothesized	 that	 they	are	particularly	 sensitive	 to	 the	aforemen-
tioned	 geographic	 barriers	 and	 that	 genomic	 signatures	 of	 cyclic	
geographic	 isolation	 will	 manifest	 rapidly.	 Analyses	 by	 Poelstra	
et	 al.	 (2021)	 suggest	 that	 the	 diversification	 of	mouse	 lemurs	 oc-
curred	 relatively	 recently	 during	 the	Pleistocene	 (but	 see	 Everson	
et	al.,	2023;	Herrera	&	Dávalos,	2016;	Louis	&	Lei,	2016),	and	previ-
ous	studies	have	already	indicated	that	rivers	(Martin,	1972; Olivieri 
et	 al.,	2006;	 Pastorini	 et	 al.,	2003;	 Tiley	 et	 al.,	2022),	watersheds	
(Mercier	&	Wilmé,	2013;	Wilmé	et	al.,	2006)	and	paleoclimatic	fluc-
tuations	(Blair	et	al.,	2014;	Poelstra	et	al.,	2021;	Teixeira,	Montade,	
et	al.,	2021;	Teixeira,	Salmona,	et	al.,	2021)	were	significant	deter-
minants	of	mouse	lemur	population	structure	and	demography,	but	
these	were	only	rarely	modeled	in	an	integrative	way.

The	present	study	aims	to	explore	how	rivers,	elevation	and	pa-
leoclimate	interacted	to	generate	population	structure	and	genetic	
differentiation	 in	 the	 critically	 endangered	 microendemic	 Gerp's	
mouse	 lemur	 (Microcebus gerpi; Figure 1).	This	poorly	studied	spe-
cies	is	a	promising	candidate	to	identify	the	role	of	these	drivers	of	
diversification	given	that	 its	distribution	 in	the	 lowland	rainforests	
of	 Madagascar's	 east	 coast	 is	 separated	 into	 multiple	 inter-	river	
systems	 (IRSs)	 with	 a	 complex	 altitudinal	 profile	 (Andriaholinirina	
et	 al.,	 2014;	 Radespiel	 et	 al.,	 2012).	 We	 significantly	 expand	 the	
sampling	of	M. gerpi	and	use	restriction	site	associated	DNA	(RAD)	
markers	 to	 reconstruct	 its	phylogeographic	history.	Applying	pop-
ulation	genomic	and	coalescent-	based	techniques,	we	estimate	ge-
netic	diversity,	population	structure,	gene	flow	and	divergence	times	
among	M. gerpi	populations	and	its	two	sister	species	M. jollyae	and	
M. marohita.	We	combine	our	genomic	results	with	ecological	niche	
models	to	better	understand	the	relative	barrier	function	of	rivers	

and	altitude.	Finally,	we	discuss	the	conservation	implications	of	our	
study	for	M. gerpi.

2  |  MATERIAL S AND METHODS

2.1  |  Study sites and sampling

The	 study	 area	 is	 located	 between	 the	 Ivondro	 and	 the	Mangoro	
rivers	on	Madagascar's	east	coast	(Figure 2a),	which	are	the	distri-
butional	 boundaries	 of	 the	 two	mouse	 lemur	 species	 adjacent	 to	
Microcebus gerpi,	M. simmonsi	 and	M. marohita,	 respectively	 (Louis	
et	al.,	2006,	2008;	Rasoloarison	et	al.,	2013).	To	 the	west,	 the	 re-
gion	is	demarcated	by	Madagascar's	central	highlands,	with	a	steep	
elevational	gradient	towards	the	coast.	Rivers	of	different	size	and	
headwater	height	separate	 the	region	 into	multiple	 inter-	river	sys-
tems	 (IRS).	 Due	 to	 high	 levels	 of	 deforestation,	 continuous	 forest	
tracts	 are	 restricted	 to	 higher	 elevations	 and	 only	 tiny	 fragments	
remain	in	lowland	areas	(Vieilledent	et	al.,	2018).	Forests	at	higher	
altitudes	seem	to	be	exclusively	populated	by	M. lehilahytsara,	with	
no	 reported	 sightings	 of	M. gerpi	 (Radespiel	 et	 al.,	 2012;	 Roos	 &	
Kappeler,	2006;	Tiley	et	al.,	2022).

A	total	of	62	Microcebus gerpi	 individuals	were	sampled	via	ear	
biopsies	between	August	and	December	2018	at	seven	lowland	rain-
forest	sites	in	the	area	(hereafter	referred	to	as	populations),	includ-
ing	the	type	 locality	at	Sahafina	 (Radespiel	et	al.,	2012; Figure 2a,	
Appendix	S1: Table S1).	At	one	site,	Anjahamana,	 individuals	were	
collected	both	east	and	west	of	the	adjacent	Morongola	river,	which	
is	 about	 5–	10 m	 wide	 there.	 We	 also	 included	 five	M. gerpi,	 two	
M. jollyae	and	two	M. marohita	 individuals	available	 from	prior	 field	
work.	RAD	sequences	of	three	M. murinus	individuals	from	Poelstra	
et	 al.	 (2022)	 were	 added	 as	 outgroups.	 Collection	 information	 is	
given	in	Table S1.

2.2  |  RAD sequencing, genotyping, and 
locus extraction

We	generated	RADseq	 libraries	 following	two	single-	digest	SbfI 
protocols	(see	Table S2).	Raw	RAD	reads	were	demultiplexed	with	
process_radtags	 of	stacks	 v2.0b	 (Rochette	 et	 al.,	2019),	 trimmed	
with trimmomatic	v0.39	 (Bolger	et	al.,	2014),	and	aligned	against	
the Microcebus murinus	 reference	 genome	 (Mmur	 3.0;	 Larsen	
et	al.,	2017)	with	BWA-	MEM	(Li	&	Durbin,	2009).	Using	samtools 
v1.11	(Li	et	al.,	2009),	reads	not	mapping	to	autosomal	scaffolds	
or	with	 a	mapping	 quality	 below	 20	were	 removed.	 Paired-	end	
reads	were	filtered	for	proper	pairing	and	deduplicated.	We	esti-
mated	the	number	of	RAD	loci	sequenced	for	each	individual	and	
locus	coverage	as	the	forward	read	depth	at	the	respective	SbfI 
cutting	site.

Genotypes	 were	 called	 from	 BAM	 files	 with	 GATK	 v4.1.9.0	
(McKenna	 et	 al.,	 2010)	 according	 to	 the	 gatk	 best	 practices	
workflow	 (GATK	Team,	2021).	After	 removing	 indels,	FS6	 filtering	F I G U R E  1 Microcebus gerpi	at	Sahafina	in	2009.
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recommendations	of	O'Leary	et	al.	 (2018)	were	applied	with	mod-
ified	 thresholds	 (see	Appendix	 S2:	 Supplementary	methods)	 using	
VcFtools	v0.1.17	(Danecek	et	al.,	2011).	Because	RAD	libraries	were	
sequenced	with	low	anticipated	coverage,	we	additionally	estimated	
genotype	 likelihoods	with	 the	samtools	model	 in	aNgsd v0.934 
(Korneliussen	et	al.,	2014),	which	allows	 incorporating	 information	
about	uncertainty	in	genotype	calls.	We	applied	the	same	filtering	as	
in	Poelstra	et	al.	(2021)	and	excluded	outgroup	individuals	and	those	
not	passing	FS6	filtering	(see	supplementary	methods).	In	addition,	
minor	allele	frequency	(MAF)	spectra	of	each	population	pair	were	
inferred	with	realsFs	of	ANGSD	from	genotype	likelihoods.	We	also	
produced	 FASTA	 files	 for	 phased	 RAD	 loci,	 using	 the	 pipeline	 of	
Poelstra	et	al.	(2021)	(see	supplementary	methods).	Extracted	RAD	
loci	were	aligned	with	MUSCLE	v3.8.31	 (Edgar,	2004)	and	concat-
enated	with	AMAS	v1.0	(Borowiec,	2016)	for	subsequent	phyloge-
netic	 inference.	An	overview	of	created	SNP	sets	can	be	 found	 in	
Table S3.

2.3  |  Phylogenetic inference

We	 used	 three	 approaches	 for	 phylogenetic	 inference	 to	 reveal	
potential	 phylogenetic	 conflict.	 First,	 maximum	 likelihood	 (ML)	
inference	 was	 performed	 on	 the	 unpartitioned	 concatenated	

alignment	using	the	GTR + Γ	substitution	model	and	the	stamatakis 
method	 for	 ascertainment	 bias	 correction	 in	 raxml- Ng v1.0.2 
(Kozlov	 et	 al.,	 2019).	 We	 conducted	 20	 unconstrained	 ML	
searches	 with	 100	 bootstrap	 replicates.	 Second,	 sVdquartets 
(Chifman	 &	 Kubatko,	 2014)	 implemented	 in	 PAUP*	 v4.0a	 (build	
168)	 (Swofford,	2003)	was	used	for	phylogenetic	 inference	from	
RAD	loci	under	the	multispecies	coalescent	model.	We	evaluated	
all	quartets	with	100	standard	bootstrap	replicates	and	assigned	
individuals	as	tips.	Third,	we	estimated	pairwise	genetic	distances	
from	 the	 concatenated	 alignment	 and	 built	 a	 split	 network	with	
the NeighborNet	 method	 (Bryant	 &	Moulton,	2004)	 in	 splitstree 
v4.17.1	(Huson	&	Bryant,	2006).

2.4  |  Population structure

Population	 structure	 was	 inferred	 from	 genotype	 likelihoods	
via	 model-	based	 and	 model-	free	 approaches.	 First,	 we	 per-
formed	 principal	 component	 analysis	 with	 pcaNgsd	 (Meisner	 &	
Albrechtsen,	 2018).	 Second,	 we	 inferred	 individual	 ancestries	
with Ngsadmix	 (Skotte	 et	 al.,	2013),	 assuming	one	 to	 ten	 a	 priori	
clusters	 (K).	 Third,	 we	 estimated	 weighted	 fixation	 indices	 (FST; 
Reynolds	 et	 al.,	1983)	 from	 joint	MAF	 spectra	with	 realsFs	 and	
genetic	 distances	 between	 individuals	 from	 genotype	 calls	 with	

F I G U R E  2 Phylogeography	of	Microcebus gerpi	in	eastern	Madagascar.	(a)	Sampling	locations	of	M. gerpi	populations	(colored	dots)	
and	estimated	effective	migration	surface	using	1000	demes.	Effective	migration	rate	is	given	on	log10	scale.	(b)	Admixture	proportions	
(horizontal	bars)	for	individuals	of	M. gerpi	populations.	Shown	are	results	of	the	best-	scoring	likelihood	model	of	10	independent	Ngsadmix 
runs	using	five	a	priori	clusters,	which	illustrate	the	admixed	ancestry	of	individuals	at	Anjahamana.	Log-	likelihoods	and	ΔK	are	given	in	
Figure S5.	(c)	Maximum	likelihood	tree	inferred	with	raxml- Ng.	Branch	and	tip	colors	correspond	to	populations	in	a.	Black	tips	represent	
M. jollyae	and	M. marohita	outgroups.	Bootstrap	values	are	given	if	above	70%.	Scale	is	substitutions	per	site.
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    |  5 of 16van ELST et al.

the	 R	 package	 ‘vcfR’	 v1.12	 (Knaus	 &	 Grünwald,	 2017).	 To	 test	
the	presence	of	 isolation-	by-	distance,	pairwise	FST	and	mean	ge-
netic	distances	(between	populations)	were	input	to	Mantel	tests	
against	 geographic	 distances,	 using	 9999	 permutations	 in	 the	 R	
package	‘vegan’	v2.5–	7	(Oksanen	et	al.,	2020).	Finally,	connectiv-
ity	between	populations	was	visualized	with	estimated	effective	
migration	surfaces	(EEMS)	 (Petkova	et	al.,	2015)	based	on	an	av-
erage	 genetic	 dissimilarity	matrix	 estimated	 from	genotype	 calls	
with bed2diFFs	v1.	EEMS	was	run	for	4,000,000	generations	with	
a	burn-	in	of	1000,000,	using	three	alternative	numbers	of	demes	
(200,	500,	1000).

2.5  |  Coalescent modeling

The	coalescent	sampler	g- phocs	(Gronau	et	al.,	2011)	was	used	to	
infer	divergence	times,	effective	population	sizes	(Ne),	and	migra-
tion	rates	between	recent	lineages	from	extracted	loci.	In	our	mod-
els,	we	included	M. jollyae,	M. marohita,	and	all	M. gerpi	populations	
except	 Anjahamana,	 which	 was	 recovered	 as	 non-	monophyletic	
in	 phylogenetic	 inference.	 Similarly,	 the	 populations	 Vohiposa	
and	Sahafina	were	combined	because	 they	were	not	 reciprocally	
monophyletic.	For	computational	reasons,	we	used	a	subset	of	two	
individuals	per	population	(see	Table S1),	which	is	sufficient	to	es-
timate	 coalescent	parameters	 (Huang	et	 al.,	2020).	We	 fixed	 the	
topology	following	results	of	phylogenetic	inference.	We	first	ran	
exploratory	models	with	single	bidirectional	migration	bands	be-
tween	lineages	for	which	gene	flow	would	be	geographically	fea-
sible	 (representing	continuous	gene	 flow	since	 the	divergence	of	
those	populations).	Subsequently,	the	final	model	was	built	with	all	
migration	bands	whose	95%	highest	posterior	density	(HPD)	inter-
val	did	not	overlap	with	zero.	Four	replicates	of	the	final	model	and	
of	a	model	with	no	migration	bands	were	run	for	2,000,000	gen-
erations	with	a	burn-	in	of	10%.	Convergence	of	chains	and	effec-
tive	sample	size	 (ESS)	were	checked	with	tracer V1.7.2	 (Rambaut	
et	al.,	2018).

To	 account	 for	 uncertainty	 surrounding	 mouse	 lemur	 gener-
ation	 times	 and	 mutation	 rates	 (Campbell	 et	 al.,	 2021;	 Radespiel	
et	 al.,	2019;	 Yoder	 et	 al.,	2016;	 Zohdy	 et	 al.,	2014),	 posterior	 dis-
tributions	of	coalescent	units	 (θ,	τ,	m)	were	converted	 to	effective	
population	size	(Ne),	divergence	time	in	years	and	population	migra-
tion	rate	by	drawing	estimates	of	generation	time	from	a	lognormal	
distribution	with	mean	 ln(3.5)	 and	 standard	 deviation	 ln(1.16)	 and	
estimates	 of	mutation	 rate	 from	 a	 gamma	 distribution	with	mean	
1.236 × 10−8	and	variance	0.107 × 10−8	(see	supplementary	methods;	
Poelstra	et	al.,	2021).

Finally,	 the	 genealogical	 divergence	 index	 (gdi)	 (Jackson	
et	 al.,	2017)	 was	 calculated	 as	 gdi = 1 − e

−2∗�

� 	 (Leaché	 et	 al.,	2019)	
from	posterior	estimates	of	the	model	without	migration	to	compare	
levels	 of	 divergence	within	M. gerpi	 to	 those	 between	M. marohita 
and	M. jollyae.	 Because	 θ	 can	 refer	 to	 either	 of	 the	 two	 divergent	
lineages,	 the	 gdi	was	 estimated	 twice	 for	 each	 node.	As	 a	 rule	 of	
thumb,	 values	 below	 0.2	 indicate	 intraspecific	 differentiation	 and	

values	above	0.7	suggest	species-	level	divergence	(ambiguous	zone:	
0.2 < gdi < 0.7).

2.6  |  Ecological niche modeling

We	developed	ecological	niche	models	for	M. gerpi	to	better	assess	
which	bioclimatic	and	geographic	features	impose	barriers	to	connec-
tivity	and	gene	flow.	We	assembled	occurrence	records	for	M. gerpi 
and	M. lehilahytsara	 (a	 likely	competitor	 in	higher	elevation	forests)	
from	 our	 own	 fieldwork	 and	 the	 literature	 (Andriamasimanana	
et	al.,	2001;	Radespiel	et	al.,	2012;	Rakotondratsimba	et	al.,	2013; 
Ratsimbazafy	 et	 al.,	 2013;	 Yoder	 et	 al.,	 2016)	 (Table S4).	 After	
rarefication	 to	 reduce	 spatial	 bias	 (Boria	 et	 al.,	 2014),	 13	 and	 12	
presence	records	remained	for	M. gerpi	and	M. lehilahytsara,	respec-
tively.	We	employed	two	alternative	approaches	to	model	suitable	
habitats	 for	M. gerpi.	 First,	we	used	 the	maxeNt	 algorithm	 (Phillips	
et	al.,	2006)	in	the	R	package	‘ENMTools’	v1.0.6	(Warren	et	al.,	2021)	
to	model	 presence-	only	 data	 against	 a	 randomly	 generated	 back-
ground.	Second,	we	applied	a	random	forest	model	constructed	on	
presence-	absence	data	 in	the	R	package	‘biomod2’	v3.5.1	(Thuiller	
et	al.,	2009),	using	M. lehilahytsara	occurrences	as	absence	records	
for	M. gerpi.	Models	were	validated	with	 the	R	package	 ‘ENMeval’	
v2.0.3	 (Kass	 et	 al.,	2021)	 using	 the	Continuous	Boyce	 Index	 (CBI)	
and	Area	Under	 the	Curve	 (AUC)	with	 a	 k-	1	 Jackknife	 procedure.	
As	predictors,	we	used	19	bioclimatic	variables	obtained	 from	the	
CHELSA	 database	 v2.1	 (Karger	 et	 al.,	 2017).	 Variables	 were	 first	
clipped	to	the	study	region	and	then	transformed	using	PCA	with	the	
R	packages	‘raster’	v3.5–	21	(Hijmans,	2022)	and	‘RStoolbox’	v0.3.0	
(Leutner	 et	 al.,	2022).	 The	 first	 three	PCs	 explained	93.9%	of	 the	
total	variation	and	were	therefore	used	for	modeling	to	handle	mul-
ticollinearity	of	the	bioclimatic	variables	and	to	not	overfit	ecological	
niche	models.

3  |  RESULTS

3.1  |  RADseq statistics

We	 obtained	 an	 average	 of	 9,105,386	 raw	 reads	 per	 individual.	
After	 trimming,	 filtering	 and	 reference	 alignment,	 36.48%	 of	 the	
reads	 remained,	 covering	 69,081	RAD	 loci	with	 a	mean	F1	 cover-
age	of	12.27×.	Detailed	sequencing	statistics	are	given	in	Table S2. 
Nine	individuals	were	removed	during	filtering,	leading	to	a	total	of	
59 M. gerpi	and	six	outgroup	individuals.	Among	these,	312,924	vari-
ant	sites	were	identified	that	passed	filters	 (Table S3).	Considering	
only	M. gerpi	 individuals,	 226,115	 and	 232,256	 variant	 sites	 were	
retained	 after	 filtering	 genotype	 calls	 and	 genotype	 likelihood	es-
timates,	 respectively.	 Percentage	 of	missing	 data	 per	 individual	 is	
given	in	Table S5.	Extraction	of	full	locus	sequences	and	subsequent	
filtering	recovered	7332	loci	with	a	mean	length	of	649 bp,	leading	
to	 a	 concatenated	 alignment	 of	 4,757,823 bp	 (83,512	 parsimony-	
informative	sites)	with	4.06%	missing	data	(Tables S6	and	S7).
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6 of 16  |     van ELST et al.

3.2  |  Phylogenetic inference

All	three	approaches	showed	a	deep	split	between	M. gerpi	popula-
tions	north	and	south	of	the	Rianila	river	 (Figure 2c,	Appendix	S2: 
Figures S1–	S3).	 The	northern	 populations	 Sahamamy	 and	Andobo	
formed	 well-	supported	 monophyletic	 clades	 in	 all	 analyses.	 This	
was	not	the	case	for	Anjahamana,	which	was	only	monophyletic	in	
quartet-	based	but	not	in	ML	inference	and	showed	high	reticulation	
in	 the	 split	 network.	 Anjahamana	 individuals	 sampled	 east	 of	 the	
Morongola	river	clustered	as	sister	to	Sahamamy	whereas	individu-
als	sampled	west	were	grouped	at	the	base	of	the	northern	clade.	
Phylogenetic	 relationships	among	populations	south	of	 the	Rianila	
were	 congruent	 across	 all	 analysis.	 The	 populations	 Antanambao	
and	 Ambodisakoana	 were	 monophyletic	 with	 high	 support,	 with	
some	minor	reticulation	indicated	by	the	split	network.	Individuals	of	
the	geographically	close	populations	Sahafina	and	Vohiposa	formed	
a	mixed	clade,	which	was	sister	to	Ambodisakoana.

3.3  |  Population structure

Analyses	 of	 population	 structure	 were	 congruent	 among	 each	
other	 and	 supported	 findings	 of	 phylogenetic	 inference.	 Principal	
component	analysis	clearly	separated	populations	north	and	south	
of	the	Rianila	along	PC1	(54.5%	of	variation;	Figure S4).	Except	for	
Vohiposa	and	Sahafina,	 southern	populations	were	well-	separated	
along	PC2	 (17.04%	of	variation).	Ambodisakoana	 took	an	 interme-
diate	 position	 between	 Antanambao	 and	 Vohiposa/Sahafina,	 mir-
roring	its	geographic	location.	Similar	to	phylogenetic	inference,	no	
separation	was	evident	between	northern	populations.

The	most	likely	number	of	clusters	for	the	inference	of	individ-
ual	ancestries	was	K = 3	(Figure S5),	corresponding	to	(1)	populations	
north	 of	 the	 Rianila,	 (2)	 Sahafina/Vohiposa,	 and	 (3)	 Antanambao	
(Figure S6).	Ambodisakoana	received	mixed	ancestry	from	the	sec-
ond	and	third	cluster.	Support	for	K = 2	was	similarly	high,	separating	
populations	north	and	south	of	the	Rianila.	Increasing	K	led	to	rela-
tively	clear	division	into	defined	M. gerpi	populations,	with	relatively	
high	support	for	K = 5,	where	Anjahamana	individuals	received	mixed	
ancestry	 from	Sahamamy	and	Andobo	 (Figure 2b,	 Figures S6–	S8).	
Anjahamana	 individuals	 east	 of	 the	Morongola	 had	 slightly	 higher	
Andobo	ancestry	(~0.4)	than	those	west	of	the	river	(~0.3).

Pairwise	 FST	 values	 were	 highest	 when	 comparing	 populations	
north	and	south	of	the	Rianila	(Figure 3,	Table S8;	geographic	distances	
are	given	in	Tables S9	and	S10).	The	lowest	differentiation	was	found	
among	 northern	 populations	 and	 between	 Sahafina	 and	 Vohiposa.	
South	of	the	Rianila,	Antanambao	exhibited	relatively	high	FST	values	
to	any	other	population.	Differentiation	between	Ambodisakoana	and	
Sahafina	 or	Vohiposa,	 respectively,	was	 comparably	 low	 considering	
the	large	geographic	distance.	Genetic	distances	between	individuals	
mirrored	these	findings	(Figure S9,	Tables S11	and	S12).	No	significant	
pattern	 of	 isolation-	by-	distance	 was	 revealed	 by	 Mantel	 tests	 (FST: 
r = .2987,	 p = .1187;	 genetic	 distances:	 r = .3961,	 p = .0520),	 indicating	
that	factors	other	than	distance	explain	the	observed	genetic	structure.

Estimated	effective	migration	 surfaces	were	 largely	 congruent	
across	number	of	demes	and	mirrored	findings	of	other	population	
structure	analyses	(Figure 2a,	Figure S10).	They	supported	a	lack	of	
gene	flow	between	populations	north	and	south	of	the	Rianila,	as	a	
highly	negative	log	migration	rate	was	inferred	along	the	river.	A	mi-
gration	barrier	was	also	found	along	the	Morongola	and	Rongaronga	
rivers,	which	suggests	 that	migration	among	northern	populations	
occurred	 predominantly	 over	 the	 headwaters	 of	 the	 Morongola.	
South	of	the	Rianila,	negative	log	migration	rates	were	mainly	esti-
mated	between	the	Sakanila	and	Manampotsy	rivers	but	sampling	
there	was	likely	too	limited	for	confident	inference.

3.4  |  Coalescent modeling

Parameter	estimates	and	likelihoods	were	congruent	across	the	four	in-
dependent	chains	for	models	with	and	without	migration	(Figures S11–	
S14).	 A	 total	 of	 12	 significant	 migration	 bands	 were	 identified	 in	
exploratory	analyses	and	included	in	the	final	model	(Figure 4b,d).	The	
highest	population	migration	rate	(2Nm;	average	number	of	loci	migrat-
ing	per	generation)	was	found	from	Sahamamy	to	Andobo	(2Nm = 1.15	
[95%	HPD:	1.09–	1.20])	(Table S13),	supporting	the	low	genetic	differ-
entiation	and	high	connectivity	between	these	populations	evident	in	
analyses	of	population	structure.	Gene	flow	among	populations	south	
of	the	Rianila	was	about	one	order	of	magnitude	lower,	ranging	from	
2Nm = 0.11	 (95%	HPD:	0.10–	0.12;	Ambodisakoana→Antanambao)	to	
2Nm = 0.30	 (95%	 HPD:	 0.29–	0.32;	 Antanambao→Ambodisakoana).	
The	 remaining	 migration	 bands	 showed	 even	 lower	 rates	 and	 ac-
counted	for	gene	flow	associated	with	M. jollyae	and	M. marohita	as	well	
as	between	M. gerpi	populations	north	and	south	of	the	Rianila.

Divergence	 time	 estimates	 differed	 between	 the	 two	 models	
and	 were	 generally	 more	 recent	 without	 migration	 (Figure 4a–	c,	
Table S13),	which	 is	 in	 line	with	 findings	 from	Leaché	 et	 al.	 (2014)	
indicating	 that	 the	 inclusion	 of	 migration	 parameters	 can	 increase	
divergence	 times.	 Here,	 we	 focus	 on	 divergence	 times	 estimated	
under	the	migration	model	because	a	scenario	of	complete	isolation	
seems	 unlikely	 given	 results	 of	 population	 structure	 analyses.	 The	
migration	model	suggested	that	M. gerpi	diverged	from	its	two	sister	
taxa	about	453 ka	 (95%	HPD:	321–	603 ka).	The	split	between	pop-
ulations	north	and	south	of	the	Rianila	occurred	about	254 ka	(95%	
HPD:	179–	337 ka),	nearly	simultaneously	with	that	between	M. ma-
rohita	and	M. jollyae	(272 ka	[95%	HPD:	192–	362 ka]).	Another	parallel	
divergence	was	 inferred	 for	 approximately	 40 ka,	when	 Sahamamy	
and	 Andobo	 (43 ka	 [95%	 HPD:	 29–	59 ka])	 and	 Vohiposa/Sahafina	
and	Ambodisakoana	(41 ka	[95%	HPD:	28–	54 ka])	split,	respectively.	
Notably,	these	two	splits	were	not	inferred	as	parallel	events	under	
the	model	without	migration,	which	supported	a	much	younger	di-
vergence	of	Sahamamy	and	Andobo	(3.1 ka	[95%	HPD:	1.5–	4.9 ka]).	
All	divergence	events	inferred	under	the	migration	model	coincided	
with	glacial	periods	 (Figure 4c).	However,	95%	HPD	 intervals	were	
large,	mostly	due	to	uncertainty	in	generation	time	and	mutation	rate.

Absolute	estimates	of	Ne	for	terminal	lineages	differed	between	
the	 two	models	 as	well,	 but	 relative	 trends	were	 similar	with	 the	
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    |  7 of 16van ELST et al.

exception	of	Ambodisakoana	(Figure 4a,b,	Table S13).	Effective	pop-
ulation	sizes	ranged	from	3600	(95%	HPD:	2600–	4700)	for	Andobo	
to	14,900	(95%	HPD:	11,000–	19,200)	for	Vohiposa/Sahafina	in	the	
migration	model	(see	Table S13	for	corresponding	estimates	in	the	
model	without	migration).

Genealogical	 divergence	 indices	were	below	0.2	or	within	 the	
ambiguity	zone	 for	divergences	of	M. gerpi	populations	 located	on	
the	same	side	of	the	Rianila	(Figure 4e,	Table S14).	In	contrast,	splits	
between	lineages	separated	by	the	river	showed	an	extremely	high	

mean	gdi	of	0.933	(95%	HPD:	0.923–	0.940;	calculated	as	the	mean	of	
pairwise	population	comparisons),	surpassing	that	of	the	two	sister	
species M. jollyae	and	M. marohita	(0.744	[95%	HPD:	0.731–	0.756]).

3.5  |  Ecological niche modeling

So	far,	M. gerpi	was	only	found	between	the	Ivondro	in	the	north	and	
the	Mangoro	 in	 the	 south	 (Table S4).	 Ecological	 niche	models	were	

F I G U R E  3 Slatkin's	linearized,	weighted	FST	values	between	Microcebus gerpi	populations	plotted	against	geographic	distances	(in	log	
km).	Fixation	indices	were	calculated	with	realsFs.	Geographic	distances	between	populations	were	calculated	as	means	between	individual	
distances.	Colors	indicate	whether	the	compared	populations	were	north	and	south	of	(black),	both	north	of	(purple),	or	both	south	of	the	
Rianila	river	(yellow).
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8 of 16  |     van ELST et al.

consistent	 across	 approaches	 and	 showed	 that	 (1)	 suitable	 habitats	
for	M. gerpi	 exist	 beyond	 these	 two	 river	 barriers	 limiting	 their	 ac-
tual	distribution,	and	(2)	habitat	suitability	for	M. gerpi	appears	to	be	
negatively	correlated	with	elevation,	as	high	scores	(>60%)	were	only	
found	below	600 m	(Figure 5,	Figure S15).	Due	to	the	inferred	admix-
ture	at	Anjahamana,	we	defined	river	size	there	(i.e.,	the	flow	accumu-
lation	value	generated	from	a	digital	elevation	model)	as	the	threshold	
at	which	rivers	did	not	represent	strict	barriers	for	dispersal	anymore.	
This	cutoff	was	applied	to	all	river	plots,	showing	that	only	around	the	
Morongola	at	Anjahamana	a	considerable	stretch	of	suitable	habitat	
can	be	found,	which	is	not	the	case	for	other	major	rivers	in	the	region	
due	to	their	larger	sizes	even	at	higher	elevations	(Figure 5,	Figure S15).

4  |  DISCUSSION

4.1  |  Rivers, elevation, and paleoclimate shaped 
the diversification of M. gerpi

We	investigated	the	population	genomic	structure,	reconstructed	the	
phylogeographic	history,	and	modeled	the	ecological	niche	of	M. gerpi 
to	identify	the	role	of	rivers,	elevation,	and	paleoclimate	in	diversifi-
cation	processes.	We	identified	strong	population	structure	that	was	
likely	 shaped	by	 an	 interaction	of	 these	drivers	 during	 the	diversi-
fication	of	M. gerpi	 in	 the	 late	Pleistocene.	The	highest	 genetic	dif-
ferentiation	and	deepest	divergence	was	found	between	populations	

F I G U R E  4 Demographic	histories	of	Microcebus gerpi	populations,	M. jollyae,	and	M. marohita	inferred	by	g- phocs	under	models	with	
and	without	migration.	All	estimates	are	based	on	mean	posterior	distributions	across	four	replicate	runs.	(a)	Divergence	times	(y-	axis)	and	
effective	population	sizes	(x-	axis)	under	a	model	without	migration.	(b)	Divergence	times,	effective	population	sizes	and	significant	migration	
bands	under	a	model	with	migration.	(c)	Divergence	times	with	95%	highest	posterior	density	(HPD)	interval	at	each	node	for	both	models.	
Majuscules	refer	to	a	and	b.	Glaciation	periods	according	to	EPICA	Community	Members	(2004)	are	indicated	by	blue	shading.	(d)	Population	
migration	rate	(2Nm)	with	95%	HPD	interval	for	significant	migration	bands.	Minuscules	refer	to	b.	(e)	Genealogical	divergence	index	(gdi)	
with	95%	HPD	interval	based	on	the	model	without	migration.	Two	estimates	are	given	per	node	because	the	gdi	depends	on	θ	which	can	
refer	to	either	of	the	two	divergent	lineages.	Majuscules	refer	to	a	and	b.
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north	and	south	of	 the	 largest	 river	system	 in	 the	area,	 the	Rianila	
(~250 ka	in	the	coalescent	model	with	migration;	Figure 4b),	which	is	
similar	to	that	between	its	two	sister	species	M. jollyae	and	M. maro-
hita	(~270 ka).	In	the	southern	half	of	the	species	distribution,	popu-
lations	 separated	 by	 rivers	 also	 showed	 reduced	 connectivity	 and	
relatively	high	genetic	differentiation,	albeit	 to	a	 lesser	extent	than	
the	north–	south	divide.	In	contrast,	populations	on	opposite	sides	of	
the	Morongola	and	Rongaronga	(north	of	the	Rianila)	were	character-
ized	by	high	levels	of	gene	flow	and	migration.

Together	with	the	inferred	ecological	niche	of	M. gerpi,	which	ap-
pears	to	be	restricted	to	elevations	below	600 m,	these	findings	sug-
gest	that	riverine	barriers	were	significant	contributors	to	population	
structure,	depending	on	their	size	and	elevation	of	headwaters.	For	
instance,	 the	Morongola	 river	does	not	seem	to	be	a	strict	barrier	
for	mouse	lemurs	(at	least	at	its	upriver	partitions	and	headwaters),	
which	is	supported	by	the	admixed	ancestry	of	individuals	from	both	
sides	of	the	river.	Niche	models	showed	that	at	this	low	altitude	high	
habitat	 suitability	 is	 still	 provided,	which	 therefore	allowed	migra-
tion	between	populations	of	 the	 lowland	specialist	M. gerpi. Rivers 
separating	 the	 southern	 half	 of	 the	 species	 distribution	 (i.e.,	 the	
Iaroka,	Sakanila	and	Manampotsy)	extend	further	into	the	highlands	
(with	sizes	large	enough	to	function	as	barriers	up	to	800 m)	and	sig-
nificantly	 restrict	 gene	 flow,	 although	 some	 connectivity	 remains.	
Headwaters	of	the	Rianila	are	located	at	particularly	high	elevations	
(600–	1000 m)	 and	 exhibit	 very	 low	 habitat	 suitability	 for	M. gerpi. 
Moreover,	this	area	is	probably	inhabited	by	M. lehilahytsara,	a	likely	
competitor	 that	 is	 not	 known	 to	 occur	 in	 sympatry	 with	M. gerpi. 
Taken	 together,	 these	 altitudinal	 constraints	may	 explain	 the	 high	
differentiation	 between	 populations	 north	 and	 south	 of	 the	 river.	
The	barrier	function	of	rivers	is	further	illustrated	by	contrasting	the	
large	potential	distribution	of	M. gerpi	along	the	east	coast	with	its	
actual	distribution	between	the	Ivondro	and	the	Mangoro.

Given	 the	 timing	 of	 diversification,	 the	 parallel	 divergences,	
and	 the	 elevation-	dependent	 role	 of	 riverine	 barriers	 restricting	
connectivity	 among	 populations,	 the	 phylogeographic	 history	 of	
M. gerpi	 supports	 a	 model	 of	 diversification	 through	 alternating	
cycles	of	temporary	dispersal	around	river	headwaters	and	subse-
quent	isolation	to	refugia	during	the	Pleistocene,	as	hypothesized	
by	 Goodman	 and	 Ganzhorn	 (2004),	 Mercier	 and	 Wilmé	 (2013),	
Vences	et	al.	(2009),	and	Wilmé	et	al.	(2006).	Considering	present	
day	 distributions,	 the	 initial	 divergence	 between	M. gerpi	 and	 its	
two	sister	species	likely	occurred	closer	to	the	southern	end	of	its	
range,	after	which	it	colonized	the	region	between	the	Ivondro	and	
Mangoro	by	northward	migration.	Our	data	suggest	that	rivers	pre-
sented	considerable	barriers	during	this	process,	depending	on	their	
size	and	elevation	of	headwaters.	Some	of	 these,	particularly	 the	
large	Rianila,	were	likely	only	traversable	by	the	lowland	specialist	
M. gerpi	 during	 relatively	humid	 interglacial	 conditions	when	 suit-
able	vegetation	extended	to	higher	elevation	regions	and	provided	
migration	 corridors.	When	 conditions	 grew	more	 arid	 and	 cooler	
during	glacials,	populations	on	opposite	sides	of	such	rivers	became	
increasingly	isolated	and	started	diverging,	as	they	were	restricted	
to	 vegetational	 refugia	 at	 lower	 elevations.	 Indeed,	 most	 diver-
gence	events	in	our	models	overlap	with	glacial	periods	(Figure 4c)	
but	confidence	in	estimates	inferred	from	our	coalescent	model	is	
limited	due	to	several	confounding	factors	(see	below).	In	the	case	
of	the	Rianila,	a	refugium	of	retained	wet	conditions	was	potentially	
provided	between	its	confluences	with	the	Rongaronga	and	Iaroka	
(Figure S16a,b).	This	area	 is	a	natural	depression	with	high	values	
for	topographic	wetness	(Beven	&	Kirkby,	1979; Figure S16c)	and	
low	landscape	heterogeneity	(Rocchini	et	al.,	2021; Figure S16d).	It	
has	been	formed	most	likely	due	to	high	levels	of	discharge	accumu-
lating	from	the	entire	Vohitra-	Rianila	watershed	(~7700 km2	of	sur-
face	area,	peak	at	1472 m)	before	breaching	the	coastal	mountain	

F I G U R E  5 Available	sampling	localities	of	Microcebus gerpi	and	adjacent	taxa	in	eastern	Madagascar	with	(a)	elevation	and	(b)	habitat	
suitability	for	M. gerpi	inferred	under	a	random	forest	model	in	the	R	package	‘biomod2’.	Localities	sampled	in	this	study	are	marked	by	white	
dots.	The	dashed	box	highlights	the	area	shown	in	Figure 2.
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ridge	through	an	approximately	660 m	wide	outlet.	Before	human	
cultivation	 into	rice	fields,	 this	area	must	have	been	an	extensive	
wetland	complex,	which	likely	retained	enough	water	during	glacial	
conditions	to	present	a	refuge	within	a	less	vegetated	and	dry	ma-
trix	both	north	and	south	of	the	river.	The	aforementioned	scenario	
is	not	only	a	plausible	explanation	for	the	deep	divergence	between	
M. gerpi	populations	north	and	south	of	the	Rianila	but	can	also	ex-
plain	the	more	recent	divergences	between	populations	separated	
by	smaller	rivers.

Even	 complex	 coalescent	 models	 only	 represent	 a	 simplifica-
tion	 of	 the	 true	 phylogeographic	 history	 of	 a	 lineage	 and	 can	 be	
confounded	by	 several	 factors.	 In	 our	 final	model,	 uncertainty	 in	
parameter	estimates	is	introduced	for	two	main	reasons.	First,	the	
conversion	of	τ	and	θ	to	absolute	time	and	effective	population	size,	
respectively,	introduces	considerable	uncertainty	as	it	requires	es-
timates	of	mutation	rate	and	generation	time,	which	are	not	known	
exactly	for	M. gerpi.	We	accounted	for	this	uncertainty	by	drawing	
mutation	rate	and	generation	time	estimates	from	gamma	and	log-
normal	 distributions,	 respectively,	 leading	 to	 relatively	wide	 95%	
HPD	intervals	(Figure 4c).	Second,	many	combinations	of	gene	flow,	
divergence	time	and	population	size	may	explain	the	observed	ge-
netic	variation	 (i.e.,	 identifiability	problem),	and	 it	 is	 currently	not	
possible	to	compare	competing	models	via	likelihoods	in	g- phocs. 
For	instance,	the	incorporation	of	gene	flow	can	affect	estimates	of	
τ	and	θ	(Leaché	et	al.,	2014;	Tseng	et	al.,	2014),	which	becomes	ap-
parent	by	comparing	results	of	our	models	with	and	without	migra-
tion	(Figure 4a–	c).	Accordingly,	careful	selection	of	migration	events	
is	crucial	for	confidence	in	final	parameter	estimates.	To	do	so,	we	
ran	preliminary	models	to	identify	significant	migration	bands,	re-
stricting	our	analyses	to	those	between	recent	 lineages	with	geo-
graphical	 proximity	 to	 reduce	 computational	 burden.	 We	 argue	
that	 this	 approach	 is	 justified	 because	 migration	 rates	 were	 low	
even	 for	 geographically	 close	 lineages	 (except	 for	Sahamamy	and	
Andobo).	Not	modeling	migration	between	ancient	 lineages	could	
potentially	 introduce	 a	 larger	 bias	 into	 parameter	 estimates,	 but	
the	general	timing	of	diversification	in	the	late	Pleistocene	is	highly	
supported,	and	 inferred	migration	rates	are	concordant	with	esti-
mated	effective	migration	surfaces,	admixture	proportions	and	the	
NeighborNet	 network	 (Figure 2a,b,	 Figures S3,	 S5–	S8).	 Therefore,	
we	 are	 confident	 that	 a	 diversification	model	 as	 described	 in	 the	
previous	paragraph	is	robust	to	these	limitations,	even	though	they	
obstruct	the	correlation	of	divergence	events	with	specific	glacials	
and	interglacials.

4.2  |  A model for species diversification

The	humid	rainforests	along	the	east	coast	are	Madagascar's	most	
biodiverse	 ecoregion,	 with	 considerable	 endemic	 vertebrate	 di-
versity,	 including	 lemur	 species	of	 all	 extant	 families,	 several	 gen-
era	of	rodents	and	carnivores	and	numerous	species	of	bats,	frogs,	
chameleons,	 geckos,	 snakes,	 skinks,	 and	birds	 (Crowley,	2004).	As	

mentioned	before,	 several	models	 have	 been	proposed	 to	 explain	
these	high	levels	of	biodiversity	and	endemism,	stressing	the	impor-
tance	of	 paleoclimatic	 oscillations	 that	 generated	barriers	 to	 gene	
flow	 by	 changing	 water	 and	 habitat	 availability	 (e.g.,	 Goodman	 &	
Ganzhorn,	2004;	Mercier	&	Wilmé,	2013;	Wilmé	et	al.,	2006),	but	
empirical	 support	 for	 these	 hypotheses	 is	 limited.	 Here,	 we	 illus-
trated	how	 such	processes	 can	 lead	 to	deep	divergences	within	 a	
species	 by	 reconstructing	 the	 phylogeographic	 history	 of	M. gerpi. 
The	 proposed	 diversification	 scenario	 has	 the	 potential	 to	 ex-
plain	biodiversity	patterns	of	a	variety	of	humid	rainforest	taxa,	as	
Madagascar's	entire	east	coast	is	characterized	by	eastward	flowing	
rivers	on	a	steep	elevational	cline,	similar	to	the	distributional	area	of	
M. gerpi.	Especially	arboreal	and	terrestrial	species	are	likely	limited	
in	their	dispersal	by	similar	geographic	factors	as	mouse	lemurs,	po-
tentially	leading	to	a	separation	of	lineages	through	rivers	and	eleva-
tion	in	response	to	varying	paleoclimatic	conditions.	Depending	on	
the	respective	time	period	that	passed	since	colonization	of	humid	
lowland	 habitats,	 subsequent	 evolutionary	 dynamics	 may	 range	
from	 an	 initial	 genetic	 differentiation	 and	 pronounced	 population	
structure	to	complete	allopatric	speciation	(e.g.,	Pirani	et	al.,	2022).	
In	 fact,	 rivers	 were	 already	 shown	 to	 delimit	 the	 distributions	 of	
frogs	 (Gehring	et	 al.,	2012),	 lemurs	 (Goodman	&	Ganzhorn,	2004; 
Lei	et	al.,	2017),	 reptiles	and	small	mammals	 (Everson	et	al.,	2020)	
along	Madagascar's	 east	 coast.	However,	 the	 underlying	 diversifi-
cation	processes	have	rarely	been	investigated,	stressing	the	need	
for	more	phylogeographic	studies	across	diverse	taxa.	This	will	also	
unravel	how	differences	in	ecology	and	dispersal	ability	made	some	
taxa	more	resilient	and	others	prone	to	the	isolating	effects	of	pale-
oclimatically	induced	barriers	to	gene	flow.

4.3  |  Taxonomic implications

The	lack	of	gene	flow,	deep	divergence	and	high	gdi	of	M. gerpi	lineages	
on	opposite	sides	of	the	Rianila	raise	the	question	whether	the	current	
taxonomy	of	M. gerpi,	M. marohita	and	M. jollyae	 is	 justified.	Following	
the	integrative	concept	of	taxonomy	by	Padial	et	al.	(2010),	genetic	dis-
tance	and	reciprocal	monophyly	alone	are	insufficient	criteria	for	spe-
cies	delimitation,	especially	when	lineages	occur	allopatrically.	Instead,	
multiple	 lines	 of	 evidence	 should	 be	 integrated	 to	 decide	 whether	
(meta-	)populations	are	evolving	 independently	and	can	therefore	be	
considered	distinct	 species	 (sensu	de	Queiroz,	2007).	 In	 the	case	of	
M. gerpi,	preliminary	comparisons	of	morphometric	data	and	ecological	
niches	did	not	identify	significant	differences	between	lineages	north	
and	south	of	the	Rianila	(Schüßler,	Rakotondravony,	Radespiel,	unpubl.	
results).	 Considering	 this,	we	 do	 not	 advocate	 splitting	M. gerpi	 into	
two	species	without	further	supporting	evidence	such	as	from	ecology	
or	behavior.	Rather,	our	findings	highlight	the	necessity	for	increased	
sampling	of	M. jollyae	and	M. marohita	to	validate	their	taxonomic	sta-
tus	 since	 their	 descriptions	 are	 based	 on	 limited	 sampling	 and	 few	
genetic	markers	and	have	not	yet	been	validated	by	further	evidence	
(Louis	et	al.,	2006;	Rasoloarison	et	al.,	2013).
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4.4  |  Conservation

Microcebus gerpi	is	currently	placed	as	critically	endangered	on	the	
IUCN	red	list	of	threatened	species	(Andriaholinirina	et	al.,	2014),	
based	on	a	 single	 sampling	 locality	 at	Sahafina	 forest	 (Radespiel	
et	 al.,	 2012).	 Here,	 we	 significantly	 expand	 knowledge	 on	 the	
distribution	 and	 genetic	 diversity	 of	 this	 species.	We	 show	 that	
M. gerpi	occurs	between	the	Ivondro	and	Mangoro	at	elevations	up	
to	600 m.	Forests	 in	this	region	are	restricted	to	small	remaining	
fragments	 (Figure S15a),	 and	habitat	 loss	 and	 fragmentation	will	
likely	continue	as	deforestation	pressures	are	particularly	high	in	
lowland	 regions	 that	 are	 easy	 to	 access	 (Borgerson	 et	 al.,	2022; 
Harper	 et	 al.,	 2007;	 Schüßler,	 Mantilla-	Contreras,	 et	 al.,	 2020; 
Vieilledent	et	al.,	2018).	Currently,	there	are	two	protected	areas	
in	 the	 region,	 but	 these	 are	 insufficiently	 small	 to	 sustainably	
maintain	M. gerpi	populations	(see	Andrianaivoarivelo	et	al.,	2015; 
Portela	 et	 al.,	 2012).	 In	 addition,	 even	 in	 many	 protected	 areas	
deforestation	 rates	 remain	 high	 due	 to	 bureaucratic	 obstacles	
and	 lack	 of	 funding	 (Kappeler	 et	 al.,	 2022).	 Previous	 studies	
have	 already	 shown	 that	 microendemic	 mouse	 lemurs	 are	 sus-
ceptible	 to	 habitat	 fragmentation	 (Andriatsitohaina	 et	 al.,	2020; 
Schäffler	 &	 Kappeler,	 2014).	 Similar	 to	 M. lehilahytsara	 (Tiley	
et	 al.,	2022),	M. gerpi	may	be	 particularly	 vulnerable	 to	 such	 an-
thropogenic	 threats	 as	 we	 identified	 pronounced	 population	
genomic	structure	originating	from	paleoclimatic	conditions.	That	
is,	populations	were	already	highly	genetically	differentiated	and	
exhibited	low	levels	of	gene	flow	long	before	human	colonization	
of	Madagascar	at	2–	10 ka	(e.g.,	Dewar	et	al.,	2013;	Mitchell,	2019; 
Pierron	et	al.,	2017).	The	subsequent	anthropogenic	habitat	 loss	
and	 fragmentation	 likely	 led	 to	 considerable	 isolation	 of	 popu-
lations	 and	 a	 loss	 of	 genetic	 diversity,	 as	 indicated	by	 estimates	
of	Ne	 (Figure 4a,b)	which	are	at	 the	 lower	end	of	 those	 found	 in	
populations	of	other	mouse	lemur	species	such	as	M. lehilahytsara,	
M. macarthurii,	 M. simmonsi	 and	 M. jonahi	 (Poelstra	 et	 al.,	 2021; 
Tiley	et	al.,	2022).	Given	the	high	degree	of	ongoing	fragmentation	
of	remaining	forests	 in	the	area,	 it	can	be	assumed	that	present-	
day	gene	flow	between	populations	is	negligible	and	that	genetic	
isolation	and	therefore	loss	of	diversity	will	increase.	Assisted	mi-
gration	within	 the	 same	 IRS	 could	 be	 a	measure	 to	mitigate	 the	
detrimental	effects	of	inbreeding	in	fragmented	populations	while	
preserving	 the	 natural	 population	 genetic	 structure	 of	 the	 spe-
cies	 (particularly	 the	 high	 differentiation	 between	 northern	 and	
southern	populations)	 to	avoid	potential	outbreeding	depression	
(Lynch,	 1991).	 Taken	 together,	 our	 findings	 provide	 strong	 evi-
dence	that	M. gerpi	 is	severely	threatened	by	human	activity	and	
could	go	extinct	in	the	near	future	if	current	trends	continue.

AUTHOR CONTRIBUTIONS
Tobias van Elst:	Conceptualization	(equal);	data	curation	(lead);	for-
mal	analysis	 (lead);	funding	acquisition	(supporting);	 investigation	
(lead);	methodology	(lead);	software	(lead);	validation	(lead);	visu-
alization	(equal);	writing	–		original	draft	(lead);	writing	–		review	and	
editing	 (equal).	 Dominik Schüßler:	 Formal	 analysis	 (supporting);	

investigation	 (supporting);	 methodology	 (supporting);	 visualiza-
tion	(equal);	writing	–		original	draft	(supporting);	writing	–		review	
and	editing	(equal).	Romule Rakotondravony:	Funding	acquisition	
(supporting);	 investigation	 (supporting);	 project	 administration	
(supporting);	resources	(equal);	writing	–		review	and	editing	(sup-
porting).	Valisoa S. T. Rovanirina:	Investigation	(supporting);	writ-
ing	–		 review	and	editing	 (supporting).	Anne Veillet:	 Investigation	
(supporting);	 writing	 –		 review	 and	 editing	 (supporting).	 Paul A. 
Hohenlohe:	Investigation	(supporting);	methodology	(supporting);	
resources	(equal);	writing	–		review	and	editing	(supporting).	Jonah 
H. Ratsimbazafy:	Funding	acquisition	(supporting);	project	admin-
istration	 (supporting);	 resources	 (supporting);	 writing	 –		 review	
and	editing	 (supporting).	Rodin M. Rasoloarison:	Resources	 (sup-
porting);	 writing	 –		 review	 and	 editing	 (supporting).	 Solofonirina 
Rasoloharijaona:	Resources	(supporting);	writing	–		review	and	ed-
iting	 (supporting).	Blanchard Randrianambinina:	 Resources	 (sup-
porting);	 writing	 –		 review	 and	 editing	 (supporting).	Miarisoa L. 
Ramilison:	Investigation	(supporting);	writing	–		review	and	editing	
(supporting).	Anne D Yoder:	Resources	(supporting);	writing	–		re-
view	and	editing	(supporting).	Edward E. Louis, Jr.:	Resources	(sup-
porting);	writing	–		review	and	editing	(supporting).	Ute Radespiel: 
Conceptualization	 (equal);	data	curation	 (supporting);	 funding	ac-
quisition	(lead);	investigation	(supporting);	methodology	(support-
ing);	 project	 administration	 (lead);	 resources	 (equal);	 supervision	
(lead);	validation	(supporting);	writing	–		review	and	editing	(equal).

ACKNOWLEDG MENTS
We	thank	GERP	(Groupe	d’Etude	et	de	Recherche	sur	les	Primates	
de	 Madagascar)	 for	 help	 with	 project	 coordination	 and	 infra-
structure.	 We	 thank	 Adolphe	 Rakotomanantena,	 Herinjatovo	
Rakotondramanana,	 Richard	 Randriamampionona	 and	 all	 local	 as-
sistants	for	their	help	during	field	work.	We	thank	the	Ministry	of	
Environment	and	Sustainable	Development	 (formerly	 the	Ministry	
of	Environment,	Water	 and	Forests)	of	 the	Malagasy	Government	
and	 its	 local	 representatives	 for	 allowing	 us	 to	 conduct	 the	 field-
work	 under	 permits	 N°124/09/MEFT/SG/DGEF/DSAP/SLRSE,	
N°124/18/MEEF/SG/DGF/DSAP/SCB.Re,	 and	 N°242/19/MEDD/
SG/DGEF/DGRNE.	We	are	also	grateful	 to	 Jordi	Salmona,	George	
Tiley	and	Jelmer	Poelstra	for	comments	on	the	manuscript	and	for	
providing	advice	and	scripts	for	coalescent	modeling.	Open	Access	
funding	enabled	and	organized	by	Projekt	DEAL.

FUNDING INFORMATION
This	work	was	supported	by	the	German	Research	Foundation	[DFG	
Ra	 502/23-	1	 to	 UR]	 and	 through	 a	 compute	 project	 provided	 by	
the	North-	German	Supercomputing	Alliance	 (HLRN)	 [nib00015	 to	
UR	and	TvE].	We	also	acknowledge	the	financial	support	by	Global	
Wildlife	 Conservation	 [#5095.008.0175]	 and	 Houston	 Zoo,	 Inc.	
[05/GERP/FIN/HSZ-	GERPI/18	 to	 RR	 and	 UR].	 This	 Open	 Access	
publication	was	 funded	by	 the	Deutsche	Forschungsgemeinschaft	
(DFG,	 German	 Research	 Foundation)	 -		 491094227	 “Open	 Access	
Publication	 Funding”	 and	 the	 University	 of	 Veterinary	 Medicine	
Hannover,	Foundation.

 20457758, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10254 by Schw

eizerische A
kadem

ie D
er, W

iley O
nline L

ibrary on [04/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



12 of 16  |     van ELST et al.

CONFLIC T OF INTERE S T S TATEMENT
The	authors	declare	no	competing	interests.

DATA AVAIL ABILIT Y S TATEMENT
All	 new	 sequencing	data	 have	been	made	 available	 through	NCBI	
BioProject	PRJNA807164.	Individual	BioSample	accessions	are	given	
in	Table S1.	VCF	and	BEAGLE	files,	alignments	and	analyses	outputs	
are	available	at	Dryad	(https://doi.org/10.5061/dryad.9w0vt	4bmr).	
Scripts	 can	 be	 found	 at	 https://github.com/t-	vane/Resea	rchSu	
pplem	ents.

ORCID
Tobias van Elst  https://orcid.org/0000-0002-2601-6938 
Dominik Schüßler  https://orcid.org/0000-0001-5885-7988 
Paul A. Hohenlohe  https://orcid.org/0000-0002-7616-0161 
Jonah H. Ratsimbazafy  https://orcid.org/0000-0002-7629-0476 
Solofonirina Rasoloharijaona  https://orcid.
org/0000-0002-8433-0722 
Anne D. Yoder  https://orcid.org/0000-0002-1781-9552 
Edward E. Louis Jr.  https://orcid.org/0000-0002-3634-4943 
Ute Radespiel  https://orcid.org/0000-0002-0814-2404 

R E FE R E N C E S
Andriaholinirina,	N.,	Baden,	A.,	Blanko,	M.,	Chikhi,	 L.,	Cooke,	A.,	Davies,	

N.,	Dolch,	R.,	Donati,	G.,	Ganzhorn,	J.,	Golden,	C.,	Groeneveld,	L.	F.,	
Hapke,	A.,	Irwin,	M.,	Johnson,	S.,	Kappeler,	P.,	King,	T.,	Lewis,	R.,	Louis,	
E.	E.,	Markolf,	M.,	…	Zaramody,	A.	(2014).	Microcebus gerpi.	The	IUCN	
Red	List	of	Threatened	Species.	e.T16971461A16971464.	https://doi.
org/10.2305/IUCN.UK.2014-	1.RLTS.T1697	1461A	16971	464.en

Andriamasimanana,	 R.	H.,	 Rabenandrasana,	M.	N.,	 Raminoarisoa,	V.	 T.	
H.	S.,	Sam,	T.	S.,	Virginie,	M.	C.,	Ratelolahy,	F.	J.,	&	Rakotonirainy,	
E.	O.	(2001).	Effets	de	la	fragmentation	de	la	forêt	humide	sur	les	
populations	d'oiseaux	et	de	 lémuriens	dans	 le	corridor	Mantadia-	
Zahamena.	Lemur News,	6,	18–	22.

Andrianaivoarivelo,	 R.	 A.,	 Andrianavonjihasina,	 Z.	 N.	 M.,	 &	
Andriantsalama,	 T.	 Z.	 (2015).	 New protected area of Sahafina. 
Biodiversity	Conservation	Madagascar.

Andriatsitohaina,	 B.,	 Ramsay,	 M.	 S.,	 Kiene,	 F.,	 Lehman,	 S.	 M.,	
Rasoloharijaona,	 S.,	 Rakotondravony,	 R.,	 &	 Radespiel,	 U.	 (2020).	
Ecological	fragmentation	effects	in	mouse	lemurs	and	small	mam-
mals	in	northwestern	Madagascar.	American Journal of Primatology,	
82,	e23059.	https://doi.org/10.1002/AJP.23059

Berv,	J.	S.,	Campagna,	L.,	Feo,	T.	J.,	Castro-	Astor,	I.,	Ribas,	C.	C.,	Prum,	
R.	 O.,	 &	 Lovette,	 I.	 J.	 (2021).	 Genomic	 phylogeography	 of	 the	
white-	crowned	 anakin	 Pseudopipra pipra	 (Aves:	 Pipridae)	 illumi-
nates	 a	 continental-	scale	 radiation	 out	 of	 the	 Andes.	Molecular 
Phylogenetics and Evolution,	164,	107205.	https://doi.org/10.1016/J.
YMPEV.2021.107205

Beven,	K.	J.,	&	Kirkby,	M.	J.	(1979).	A	physically	based,	variable	contribut-
ing	area	model	of	basin	hydrology	/	un	modèle	à	base	physique	de	
zone	d'appel	variable	de	l'hydrologie	du	bassin	versant.	Hydrological 
Sciences Journal,	24,	 43–	69.	https://doi.org/10.1080/02626 66790 
9491834

Blair,	C.,	Heckman,	K.	L.,	Russell,	A.	L.,	&	Yoder,	A.	D.	(2014).	Multilocus	
coalescent	analyses	reveal	the	demographic	history	and	speciation	
patterns	of	mouse	 lemur	sister	species.	BMC Evolutionary Biology,	
14,	1–	12.	https://doi.org/10.1186/1471-	2148-	14-	57

Bolger,	A.	M.,	 Lohse,	M.,	&	Usadel,	B.	 (2014).	 Trimmomatic:	A	 flexible	
trimmer	for	Illumina	sequence	data.	Bioinformatics,	30,	2114–	2120.	
https://doi.org/10.1093/bioin	forma	tics/btu170

Borgerson,	 C.,	 Johnson,	 S.	 E.,	 Hall,	 E.,	 Brown,	 K.	 A.,	 Narváez-	Torres,	
P.	 R.,	 Rasolofoniaina,	 B.	 J.	 R.,	 Razafindrapaoly,	 B.	 N.,	Merson,	 S.	
D.,	 Thompson,	K.	 E.	 T.,	Holmes,	 S.	M.,	 Louis,	 E.	 E.,	 &	Golden,	C.	
D.	 (2022).	A	national-	level	 assessment	of	 lemur	hunting	pressure	
in	 Madagascar.	 International Journal of Primatology,	 43,	 92–	113.	
https://doi.org/10.1007/S1076	4-	021-	00215	-	5/FIGUR	ES/3

Boria,	 R.	 A.,	 Olson,	 L.	 E.,	 Goodman,	 S.	 M.,	 &	 Anderson,	 R.	 P.	 (2014).	
Spatial	 filtering	 to	 reduce	 sampling	 bias	 can	 improve	 the	 perfor-
mance	of	ecological	niche	models.	Ecological Modelling,	275,	73–	77.	
https://doi.org/10.1016/j.ecolm	odel.2013.12.012

Borowiec,	M.	L.	 (2016).	AMAS:	A	 fast	 tool	 for	 alignment	manipulation	
and	computing	of	summary	statistics.	PeerJ,	4,	e1660.	https://doi.
org/10.7717/peerj.1660

Brown,	J.	L.,	Cameron,	A.,	Yoder,	A.	D.,	&	Vences,	M.	(2014).	A	necessarily	
complex	model	to	explain	the	biogeography	of	the	amphibians	and	
reptiles	 of	Madagascar.	Nature Communications,	5,	 5046.	https://
doi.org/10.1038/ncomm	s6046

Bryant,	 D.,	 &	 Moulton,	 V.	 (2004).	 Neighbor-	net:	 An	 agglomerative	
method	for	the	construction	of	phylogenetic	networks.	Molecular 
Biology and Evolution,	 21,	 255–	265.	 https://doi.org/10.1093/
MOLBE	V/MSH018

Burney,	D.	A.,	Burney,	L.	P.,	Godfrey,	L.	R.,	Jungers,	W.	L.,	Goodman,	S.	
M.,	Wright,	H.	T.,	&	Jull,	A.	J.	T.	(2004).	A	chronology	for	late	pre-
historic	Madagascar.	Journal of Human Evolution,	47,	25–	63.	https://
doi.org/10.1016/j.jhevol.2004.05.005

Burney,	 D.	 A.,	 James,	 H.	 F.,	 Grady,	 F.	 V.,	 Rafamantanantsoa,	 J.	 G.,	
Ramilisonina,	S.,	Wright,	H.	T.,	&	Cowart,	J.	B.	(1997).	Environmental	
change,	 extinction	 and	 human	 activity:	 Evidence	 from	 caves	 in	
NW	Madagascar.	Journal of Biogeography,	24,	755–	767.	https://doi.
org/10.1046/J.1365-	2699.1997.00146.X

Campbell,	C.	R.,	Tiley,	G.	P.,	Poelstra,	J.	W.,	Hunnicutt,	K.	E.,	Larsen,	
P.	A.,	Lee,	H.	J.,	Thorne,	J.	L.,	dos	Reis,	M.,	&	Yoder,	A.	D.	(2021).	
Pedigree-	based	 and	 phylogenetic	 methods	 support	 surprising	
patterns	of	mutation	rate	and	spectrum	in	the	gray	mouse	lemur.	
Heredity,	 127,	 233–	244.	 https://doi.org/10.1038/s4143	7-	021-	
00446	-	5

Chifman,	J.,	&	Kubatko,	L.	(2014).	Quartet	inference	from	SNP	data	under	
the	 coalescent	model.	Bioinformatics,	30,	 3317–	3324.	https://doi.
org/10.1093/bioin	forma	tics/btu530

Corbett,	 E.	 C.,	 Bravo,	 G.	 A.,	 Schunck,	 F.,	 Naka,	 L.	N.,	 Silveira,	 L.	 F.,	 &	
Edwards,	 S.	V.	 (2020).	Evidence	 for	 the	Pleistocene	arc	hypothe-
sis	from	genome-	wide	SNPs	in	a	Neotropical	dry	forest	specialist,	
the	 rufous-	fronted	 Thornbird	 (Furnariidae:	 Phacellodomus rufi-
frons).	Molecular Ecology,	29,	4457–	4472.	https://doi.org/10.1111/
mec.15640

Craul,	 M.,	 Radespiel,	 U.,	 Rasolofoson,	 D.	 W.,	 Rakotondratsimba,	 G.,	
Rakotonirainy,	 O.,	 Rasoloharijaona,	 S.,	 Randrianambinina,	 B.,	
Ratsimbazafy,	 J.,	 Ratelolahy,	 F.,	 Randrianamboavaonjy,	 T.,	 &	
Rakotozafy,	 L.	 (2008).	 Large	 rivers	 do	 not	 always	 act	 as	 spe-
cies	 barriers	 for	 Lepilemur sp. Primates,	 49,	 211–	218.	 https://doi.
org/10.1007/s1032	9-	008-	0092-	3

Craul,	M.,	 Zimmermann,	 E.,	 Rasoloharijaona,	 S.,	 Randrianambinina,	 B.,	
&	Radespiel,	U.	(2007).	Unexpected	species	diversity	of	Malagasy	
primates	 (Lepilemur	 spp.)	 in	 the	 same	 biogeographical	 zone:	 A	
morphological	 and	 molecular	 approach	 with	 the	 description	 of	
two	 new	 species.	 BMC Evolutionary Biology,	 7,	 83.	 https://doi.
org/10.1186/1471-	2148-	7-	83

Crowley,	 H.	 (2004).	 Madagascar	 humid	 forests.	 In	 N.	 Burgess,	 J.	
D'Amico	Hales,	E.	Underwood,	E.	Dinerstein,	D.	Olson,	 I.	 Itoua,	
J.	Schipper,	T.	Ricketts,	&	K.	Newman	(Eds.),	Terrestrial ecoregions 
of Africa and Madagascar: A conservation assessment	 (p.	 XXIII	+ 
497).	Island	Press.

Danecek,	P.,	Auton,	A.,	Abecasis,	G.,	Albers,	C.	A.,	Banks,	E.,	DePristo,	M.	
A.,	Handsaker,	R.	E.,	Lunter,	G.,	Marth,	G.	T.,	Sherry,	S.	T.,	McVean,	
G.,	Durbin,	 R.,	 &	 1000	Genomes	 Project	Analysis	Group.	 (2011).	

 20457758, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10254 by Schw

eizerische A
kadem

ie D
er, W

iley O
nline L

ibrary on [04/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5061/dryad.9w0vt4bmr
https://github.com/t-vane/ResearchSupplements
https://github.com/t-vane/ResearchSupplements
https://orcid.org/0000-0002-2601-6938
https://orcid.org/0000-0002-2601-6938
https://orcid.org/0000-0001-5885-7988
https://orcid.org/0000-0001-5885-7988
https://orcid.org/0000-0002-7616-0161
https://orcid.org/0000-0002-7616-0161
https://orcid.org/0000-0002-7629-0476
https://orcid.org/0000-0002-7629-0476
https://orcid.org/0000-0002-8433-0722
https://orcid.org/0000-0002-8433-0722
https://orcid.org/0000-0002-8433-0722
https://orcid.org/0000-0002-1781-9552
https://orcid.org/0000-0002-1781-9552
https://orcid.org/0000-0002-3634-4943
https://orcid.org/0000-0002-3634-4943
https://orcid.org/0000-0002-0814-2404
https://orcid.org/0000-0002-0814-2404
https://doi.org/10.2305/IUCN.UK.2014-1.RLTS.T16971461A16971464.en
https://doi.org/10.2305/IUCN.UK.2014-1.RLTS.T16971461A16971464.en
https://doi.org/10.1002/AJP.23059
https://doi.org/10.1016/J.YMPEV.2021.107205
https://doi.org/10.1016/J.YMPEV.2021.107205
https://doi.org/10.1080/02626667909491834
https://doi.org/10.1080/02626667909491834
https://doi.org/10.1186/1471-2148-14-57
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1007/S10764-021-00215-5/FIGURES/3
https://doi.org/10.1016/j.ecolmodel.2013.12.012
https://doi.org/10.7717/peerj.1660
https://doi.org/10.7717/peerj.1660
https://doi.org/10.1038/ncomms6046
https://doi.org/10.1038/ncomms6046
https://doi.org/10.1093/MOLBEV/MSH018
https://doi.org/10.1093/MOLBEV/MSH018
https://doi.org/10.1016/j.jhevol.2004.05.005
https://doi.org/10.1016/j.jhevol.2004.05.005
https://doi.org/10.1046/J.1365-2699.1997.00146.X
https://doi.org/10.1046/J.1365-2699.1997.00146.X
https://doi.org/10.1038/s41437-021-00446-5
https://doi.org/10.1038/s41437-021-00446-5
https://doi.org/10.1093/bioinformatics/btu530
https://doi.org/10.1093/bioinformatics/btu530
https://doi.org/10.1111/mec.15640
https://doi.org/10.1111/mec.15640
https://doi.org/10.1007/s10329-008-0092-3
https://doi.org/10.1007/s10329-008-0092-3
https://doi.org/10.1186/1471-2148-7-83
https://doi.org/10.1186/1471-2148-7-83


    |  13 of 16van ELST et al.

The	 variant	 call	 format	 and	 VCFtools.	 Bioinformatics,	 27,	 2156–	
2158. https://doi.org/10.1093/BIOIN	FORMA	TICS/BTR330

de	 Queiroz,	 K.	 (2007).	 Species	 concepts	 and	 species	 delimitation.	
Systematic Biology,	 56,	 879–	886.	 https://doi.org/10.1080/10635 
15070 1701083

deMenocal,	 P.	 B.	 (2004).	 African	 climate	 change	 and	 faunal	 evo-
lution	 during	 the	 Pliocene–	Pleistocene.	 Earth and Planetary 
Science Letters,	 220,	 3–	24.	 https://doi.org/10.1016/S0012	
-	821X(04)00003	-	2

Dewar,	 R.	 E.,	 Radimilahy,	 C.,	Wright,	 H.	 T.,	 Jacobs,	 Z.,	 Kelly,	 G.	 O.,	 &	
Berna,	F.	(2013).	Stone	tools	and	foraging	in	northern	Madagascar	
challenge	Holocene	extinction	models.	Proceedings of the National 
Academy of Sciences of the United States of America,	110,	 12583–	
12588. https://doi.org/10.1073/pnas.13061	00110

Edgar,	R.	C.	(2004).	MUSCLE:	Multiple	sequence	alignment	with	high	ac-
curacy	and	high	throughput.	Nucleic Acids Research,	32,	1792–	1797.	
https://doi.org/10.1093/nar/gkh340

Ehlers,	 J.,	 &	Gibbard,	 P.	 (2011).	Quaternary	 glaciation.	 In	Encyclopedia 
of snow, ice and glaciers	 (pp.	 873–	882).	 Springer.	 https://doi.
org/10.1007/978-	90-	481-	2642-	2_423

EPICA	 community	 members.	 (2004).	 Eight	 glacial	 cycles	 from	 an	
Antarctic	ice	core.	Nature,	429,	623–	628.	https://doi.org/10.1038/
natur	e02599

Estrada,	A.,	Garber,	P.	A.,	Rylands,	A.	B.,	Roos,	C.,	Fernandez-	Duque,	E.,	
Di	 Fiore,	A.,	Anne-	Isola	Nekaris,	K.,	Nijman,	V.,	Heymann,	 E.	W.,	
Lambert,	 J.	 E.,	 Rovero,	 F.,	 Barelli,	 C.,	 Setchell,	 J.	M.,	 Gillespie,	 T.	
R.,	Mittermeier,	R.	A.,	Arregoitia,	L.	V.,	de	Guinea,	M.,	Gouveia,	S.,	
Dobrovolski,	R.,	…	Li,	B.	(2017).	Impending	extinction	crisis	of	the	
world's	 primates:	Why	 primates	 matter.	 Science Advances,	 3,	 26.	
https://doi.org/10.1126/sciadv.1600946

Everson,	 K.	 M.,	 Jansa,	 S.	 A.,	 Goodman,	 S.	 M.,	 &	 Olson,	 L.	 E.	 (2020).	
Montane	 regions	 shape	patterns	of	 diversification	 in	 small	mam-
mals	 and	 reptiles	 from	 Madagascar's	 moist	 evergreen	 forest.	
Journal of Biogeography,	 47,	 2059–	2072.	 https://doi.org/10.1111/
jbi.13945

Everson,	 K.	 M.,	 Pozzi,	 L.,	 Barrett,	 M.	 A.,	 Blair,	 M.	 E.,	 Donohue,	 M.	
E.,	 Kappeler,	 P.	M.,	 Kitchener,	 A.	 C.,	 Lemmon,	A.	 R.,	 Lemmon,	 E.	
M.,	 Pavón-	Vázquez,	 C.	 J.,	 Radespiel,	 U.,	 Randrianambinina,	 B.,	
Rasoloarison,	 R.	 M.,	 Rasoloharijaona,	 S.,	 Roos,	 C.,	 Salmona,	 J.,	
Yoder,	 A.	 D.,	 Zenil-	Ferguson,	 R.,	 Zinner,	 D.,	 &	 Weisrock,	 D.	 W.	
(2023).	 Not	 one,	 but	 multiple	 radiations	 underlie	 the	 biodiver-
sity	 of	 Madagascar’s	 endangered	 lemurs.	 bioRxiv. https://doi.
org/10.1101/2023.04.26.537867

Gamisch,	A.,	Fischer,	G.	A.,	&	Comes,	H.	P.	 (2016).	Frequent	but	asym-
metric	niche	shifts	in	Bulbophyllum orchids	support	environmental	
and	climatic	instability	in	Madagascar	over	quaternary	time	scales.	
BMC Evolutionary Biology,	16,	1–	16.	https://doi.org/10.1186/S1286	
2-	016-	0586-	3

Ganzhorn,	 J.	 U.,	 Lowry,	 P.	 P.,	 Schatz,	 G.	 E.,	 &	 Sommer,	 S.	 (2001).	
The	 biodiversity	 of	 Madagascar:	 One	 of	 the	 world's	 hot-
test	 hotspots	 on	 its	 way	 out.	 Oryx,	 35,	 346–	348.	 https://doi.
org/10.1046/J.1365-	3008.2001.00201.X

Gasse,	 F.,	 &	 Van	 Campo,	 E.	 (2001).	 Late	 quaternary	 environmental	
changes	 from	a	pollen	and	diatom	record	 in	 the	southern	 tropics	
(Lake	Tritrivakely,	Madagascar).	Palaeogeography, Palaeoclimatology, 
Palaeoecology,	 167,	 287–	308.	 https://doi.org/10.1016/S0031	
-	0182(00)00242	-	X

GATK	Team.	 (2021).	Germline	 short	variant	discovery	 (SNPs	+	 Indels).	
https://gatk.broad	insti	tute.org/hc/en-	us/artic	les/36003	55359	32-	
Germl	ine-	short	-	varia	nt-	disco	very-	SNPs-	Indel	s-	

Gehring,	 P.	 S.,	 Pabijan,	 M.,	 Randrianirina,	 J.	 E.,	 Glaw,	 F.,	 &	 Vences,	
M.	 (2012).	 The	 influence	 of	 riverine	 barriers	 on	 phylogeo-
graphic	 patterns	 of	 Malagasy	 reed	 frogs	 (Heterixalus).	 Molecular 
Phylogenetics and Evolution,	64,	618–	632.	https://doi.org/10.1016/J.
YMPEV.2012.05.018

Goodman,	S.	M.,	&	Benstead,	J.	P.	 (2005).	Updated	estimates	of	biotic	
diversity	and	endemism	for	Madagascar.	Oryx,	39,	73–	77.	https://
doi.org/10.1017/S0030	60530	5000128

Goodman,	S.	M.,	&	Ganzhorn,	 J.	U.	 (2004).	Biogeography	of	 lemurs	 in	
the	 humid	 forests	 of	Madagascar:	 The	 role	 of	 elevational	 distri-
bution	 and	 rivers.	 Journal of Biogeography,	31,	 47–	55.	https://doi.
org/10.1111/j.1365-	2699.2004.00953.x

Gronau,	 I.,	 Hubisz,	M.	 J.,	 Gulko,	 B.,	 Danko,	 C.	 G.,	 &	 Siepel,	 A.	 (2011).	
Bayesian	inference	of	ancient	human	demography	from	individual	
genome	 sequences.	Nature Genetics,	 43,	 1031–	1035.	 https://doi.
org/10.1038/ng.937

Harper,	 G.	 J.,	 Steininger,	 M.	 K.,	 Tucker,	 C.	 J.,	 Juhn,	 D.,	 &	 Hawkins,	 F.	
(2007).	 Fifty	 years	 of	 deforestation	 and	 forest	 fragmentation	 in	
Madagascar.	Environmental Conservation,	34,	325–	333.	https://doi.
org/10.1017/S0376	89290	7004262

Herrera,	J.	P.,	&	Dávalos,	L.	M.	(2016).	Phylogeny	and	divergence	times	
of	 lemurs	 inferred	 with	 recent	 and	 ancient	 fossils	 in	 the	 tree.	
Systematic Biology,	65,	772–	791.

Hewitt,	G.	(2000).	The	genetic	legacy	of	the	quaternary	ice	ages.	Nature,	
405,	907–	913.	https://doi.org/10.1038/35016000

Hijmans,	 R.	 (2022).	 Raster:	 Geographic	 data	 analysis	 and	modeling.	 R 
Package Version,	3,	5–	21.	https://cran.r-proje	ct.org/web/packa	ges/
raste	r/index.html

Hotaling,	S.,	Foley,	M.	E.,	Lawrence,	N.	M.,	Bocanegra,	J.,	Blanco,	M.	B.,	
Rasoloarison,	 R.,	 Kappeler,	 P.	M.,	 Barrett,	M.	 A.,	 Yoder,	 A.	 D.,	 &	
Weisrock,	D.	W.	(2016).	Species	discovery	and	validation	in	a	cryp-
tic	 radiation	 of	 endangered	 primates:	 Coalescent-	based	 species	
delimitation	in	Madagascar's	mouse	lemurs.	Molecular Ecology,	25,	
2029–	2045.	https://doi.org/10.1111/mec.13604

Huang,	J.,	Flouri,	T.,	&	Yang,	Z.	(2020).	A	simulation	study	to	examine	the	
information	content	in	phylogenomic	data	sets	under	the	multispe-
cies	 coalescent	model.	Molecular Biology and Evolution,	37,	 3211–	
3224. https://doi.org/10.1093/MOLBE	V/MSAA166

Huson,	D.	H.,	&	Bryant,	D.	(2006).	Application	of	phylogenetic	networks	
in	evolutionary	 studies.	Molecular Biology and Evolution,	23,	 254–	
267. https://doi.org/10.1093/MOLBE	V/MSJ030

Jackson,	N.	D.,	Carstens,	B.	C.,	Morales,	A.	E.,	&	O'Meara,	B.	C.	(2017).	
Species	 delimitation	with	 gene	 flow.	Systematic Biology,	66,	 799–	
812. https://doi.org/10.1093/sysbio

Kappeler,	P.	M.,	Markolf,	M.,	Rasoloarison,	R.	M.,	Fichtel,	C.,	&	Durbin,	
J.	(2022).	Complex	social	and	political	factors	threaten	the	world's	
smallest	primate	with	extinction.	Conservation Science and Practice,	
4,	e12776.	https://doi.org/10.1111/CSP2.12776

Karger,	D.	N.,	Conrad,	O.,	Böhner,	J.,	Kawohl,	T.,	Kreft,	H.,	Soria-	Auza,	
R.	 W.,	 Zimmermann,	 N.	 E.,	 Linder,	 H.	 P.,	 &	 Kessler,	 M.	 (2017).	
Climatologies	at	high	resolution	for	the	earth's	land	surface	areas.	
Scientific Data,	4,	170122.	https://doi.org/10.1038/sdata.2017.122

Kass,	J.	M.,	Muscarella,	R.,	Galante,	P.	J.,	Bohl,	C.	L.,	Pinilla-	Buitrago,	G.	E.,	
Boria,	R.	A.,	Soley-	Guardia,	M.,	&	Anderson,	R.	P.	(2021).	ENMeval	
2.0:	 Redesigned	 for	 customizable	 and	 reproducible	 modeling	 of	
species'	niches	and	distributions.	Methods in Ecology and Evolution,	
12,	1602–	1608.	https://doi.org/10.1111/2041-	210X.13628

Kiage,	 L.	M.,	 &	 Liu,	 K.	 B.	 (2016).	 Late	 quaternary	 paleoenvironmental	
changes	in	East	Africa:	A	review	of	multiproxy	evidence	from	paly-
nology,	lake	sediments,	and	associated	records.	Progress in Physical 
Geography,	 30,	 633–	658.	 https://doi.org/10.1177/03091 33306 
071146

Knaus,	B.	J.,	&	Grünwald,	N.	J.	(2017).	Vcfr:	A	package	to	manipulate	and	
visualize	variant	call	format	data	in	R.	Molecular Ecology Resources,	
17,	44–	53.	https://doi.org/10.1111/1755-	0998.12549

Korneliussen,	 T.	 S.,	 Albrechtsen,	 A.,	 &	 Nielsen,	 R.	 (2014).	 ANGSD:	
Analysis	of	next	generation	sequencing	data.	BMC Bioinformatics,	
15,	356.	https://doi.org/10.1186/s1285	9-	014-	0356-	4

Kozlov,	A.	M.,	Darriba,	D.,	Flouri,	T.,	Morel,	B.,	&	Stamatakis,	A.	(2019).	
RAxML-	NG:	 A	 fast,	 scalable	 and	 user-	friendly	 tool	 for	 maximum	

 20457758, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10254 by Schw

eizerische A
kadem

ie D
er, W

iley O
nline L

ibrary on [04/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1093/BIOINFORMATICS/BTR330
https://doi.org/10.1080/10635150701701083
https://doi.org/10.1080/10635150701701083
https://doi.org/10.1016/S0012-821X(04)00003-2
https://doi.org/10.1016/S0012-821X(04)00003-2
https://doi.org/10.1073/pnas.1306100110
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1007/978-90-481-2642-2_423
https://doi.org/10.1007/978-90-481-2642-2_423
https://doi.org/10.1038/nature02599
https://doi.org/10.1038/nature02599
https://doi.org/10.1126/sciadv.1600946
https://doi.org/10.1111/jbi.13945
https://doi.org/10.1111/jbi.13945
https://doi.org/10.1101/2023.04.26.537867
https://doi.org/10.1101/2023.04.26.537867
https://doi.org/10.1186/S12862-016-0586-3
https://doi.org/10.1186/S12862-016-0586-3
https://doi.org/10.1046/J.1365-3008.2001.00201.X
https://doi.org/10.1046/J.1365-3008.2001.00201.X
https://doi.org/10.1016/S0031-0182(00)00242-X
https://doi.org/10.1016/S0031-0182(00)00242-X
https://gatk.broadinstitute.org/hc/en-us/articles/360035535932-Germline-short-variant-discovery-SNPs-Indels-
https://gatk.broadinstitute.org/hc/en-us/articles/360035535932-Germline-short-variant-discovery-SNPs-Indels-
https://doi.org/10.1016/J.YMPEV.2012.05.018
https://doi.org/10.1016/J.YMPEV.2012.05.018
https://doi.org/10.1017/S0030605305000128
https://doi.org/10.1017/S0030605305000128
https://doi.org/10.1111/j.1365-2699.2004.00953.x
https://doi.org/10.1111/j.1365-2699.2004.00953.x
https://doi.org/10.1038/ng.937
https://doi.org/10.1038/ng.937
https://doi.org/10.1017/S0376892907004262
https://doi.org/10.1017/S0376892907004262
https://doi.org/10.1038/35016000
https://cran.r-project.org/web/packages/raster/index.html
https://cran.r-project.org/web/packages/raster/index.html
https://doi.org/10.1111/mec.13604
https://doi.org/10.1093/MOLBEV/MSAA166
https://doi.org/10.1093/MOLBEV/MSJ030
https://doi.org/10.1093/sysbio
https://doi.org/10.1111/CSP2.12776
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1111/2041-210X.13628
https://doi.org/10.1177/0309133306071146
https://doi.org/10.1177/0309133306071146
https://doi.org/10.1111/1755-0998.12549
https://doi.org/10.1186/s12859-014-0356-4


14 of 16  |     van ELST et al.

likelihood	phylogenetic	 inference.	Bioinformatics,	35,	 4453–	4455.	
https://doi.org/10.1093/BIOIN	FORMA	TICS/BTZ305

Larsen,	P.	A.,	Harris,	R.	A.,	Liu,	Y.,	Murali,	S.	C.,	Campbell,	C.	R.,	Brown,	
A.	 D.,	 Sullivan,	 B.	 A.,	 Shelton,	 J.,	 Brown,	 S.	 J.,	 Raveendran,	 M.,	
Dudchenko,	O.,	Machol,	I.,	Durand,	N.	C.,	Shamim,	M.	S.,	Aiden,	E.	
L.,	Muzny,	D.	M.,	Gibbs,	R.	A.,	Yoder,	A.	D.,	Rogers,	J.,	&	Worley,	K.	
C.	(2017).	Hybrid	de	novo	genome	assembly	and	centromere	char-
acterization	 of	 the	 gray	 mouse	 lemur	 (Microcebus murinus).	 BMC 
Biology,	15,	110.	https://doi.org/10.1186/s1291	5-	017-	0439-	6

Leaché,	A.	D.,	Harris,	R.	B.,	Rannala,	B.,	&	Yang,	Z.	 (2014).	The	 influ-
ence	of	gene	flow	on	species	tree	estimation:	A	simulation	study.	
Systematic Biology,	 63,	 17–	30.	 https://doi.org/10.1093/sysbi	o/
syt049

Leaché,	 A.	 D.,	 Zhu,	 T.,	 Rannala,	 B.,	 &	 Yang,	 Z.	 (2019).	 The	 spectre	 of	
too	 many	 species.	 Systematic Biology,	 68,	 168–	181.	 https://doi.
org/10.1093/sysbi	o/syy051

Lei,	 R.,	 Frasier,	 C.	 L.,	 Hawkins,	 M.	 T.	 R.,	 Engberg,	 S.	 E.,	 Bailey,	 C.	 A.,	
Johnson,	S.	E.,	McLain,	A.	T.,	Groves,	C.	P.,	Perry,	G.	H.,	Nash,	S.	D.,	
Mittermeier,	R.	A.,	&	Louis,	E.	E.,	Jr.	 (2017).	Phylogenomic	recon-
struction	of	sportive	lemurs	(genus	Lepilemur)	recovered	from	mi-
togenomes	with	inferences	for	Madagascar	biogeography.	Journal 
of Heredity,	108,	107–	119.	https://doi.org/10.1093/jhere	d/esw072

Leutner,	B.,	Horning,	N.,	&	Schwalb-	Willmann,	J.	(2022).	RStoolbox:	Tools	
for	 remote	sensing	data	analysis.	R package version 0.3.0. https://
github.com/bleut	ner/RStoo	lbox

Li,	H.,	&	Durbin,	R.	(2009).	Fast	and	accurate	short	read	alignment	with	
burrows-	wheeler	transform.	Bioinformatics,	25,	1754–	1760.	https://
doi.org/10.1093/bioin	forma	tics/btp324

Li,	H.,	Handsaker,	B.,	Wysoker,	A.,	Fennell,	T.,	Ruan,	J.,	Homer,	N.,	Marth,	
G.,	Abecasis,	G.,	&	Durbin,	R.	(2009).	The	sequence	alignment/map	
format	 and	 SAMtools.	Bioinformatics,	25,	 2078–	2079.	https://doi.
org/10.1093/bioin	forma	tics/btp352

Louis,	 E.	 E.,	 Coles,	 M.	 S.,	 Andriantompohavana,	 R.,	 Sommer,	 J.	 A.,	
Engberg,	 S.	 E.,	 Zaonarivelo,	 J.	 R.,	 Mayor,	 M.	 I.,	 &	 Brenneman,	
R.	 A.	 (2006).	 Revision	 of	 the	mouse	 lemurs	 (Microcebus)	 of	 east-
ern	Madagascar.	 International Journal of Primatology,	27,	347–	389.	
https://doi.org/10.1007/s1076	4-	006-	9036-	1

Louis,	 E.	 E.,	 Engberg,	 S.	 E.,	 McGuire,	 S.	 M.,	 McCormick,	 M.	 J.,	
Randriamampionona,	 R.,	 Ranaivoarisoa,	 J.	 F.,	 Bailey,	 C.	 A.,	
Mittermeier,	R.	A.,	&	Lei,	R.	(2008).	Revision	of	the	mouse	lemurs,	
Microcebus	 (primates,	Lemuriformes),	of	northern	and	northwest-
ern	Madagascar	with	descriptions	of	two	new	species	at	Montagne	
d'Ambre	National	 Park	 and	Antafondro	 classified	 Forest.	Primate 
Conservation,	23,	19–	38.	https://doi.org/10.1896/052.023.0103

Louis,	E.	E.,	&	Lei,	R.	(2016).	Mitogenomics	of	the	family	Cheirogaleidae	
and	relationships	to	taxonomy	and	biogeography	in	Madagascar.	In	
S.	M.	Lehman,	U.	Radespiel,	&	E.	Zimmermann	(Eds.),	The dwarf and 
mouse lemurs of Madagascar: Biology, behavior and conservation bio-
geography of the Cheirogaleidae	 (pp.	54–	93).	Cambridge	University	
Press.

Lynch,	M.	 (1991).	 The	 genetic	 interpretation	 of	 inbreeding	 depression	
and	 outbreeding	 depression.	 Evolution,	 45,	 622–	629.	 https://doi.
org/10.1111/J.1558-	5646.1991.TB043	33.X

Martin,	R.	D.	(1972).	Adaptive	radiation	and	behaviour	of	the	Malagasy	
lemurs.	 Philosophical transactions of the Royal Society of London 
B: Biological Sciences,	 264,	 295–	352.	 https://doi.org/10.1098/
RSTB.1972.0013

Masters,	J.	C.,	Génin,	F.,	Zhang,	Y.,	Pellen,	R.,	Huck,	T.,	Mazza,	P.	P.	A.,	
Rabineau,	M.,	Doucouré,	M.,	&	Aslanian,	D.	(2020).	Biogeographic	
mechanisms	involved	in	the	colonization	of	Madagascar	by	African	
vertebrates:	Rifting,	 rafting	and	runways.	Journal of Biogeography,	
48,	492–	510.	https://doi.org/10.1111/jbi.14032

McKenna,	 A.,	 Hanna,	 M.,	 Banks,	 E.,	 Sivachenko,	 A.,	 Cibulskis,	 K.,	
Kernytsky,	A.,	Garimella,	K.,	Altshuler,	D.,	Gabriel,	S.,	Daly,	M.,	&	
DePristo,	M.	A.	(2010).	The	genome	analysis	toolkit:	A	MapReduce	
framework	 for	 analyzing	 next-	generation	 DNA	 sequencing	 data.	

Genome Research,	20,	 1297–	1303.	 https://doi.org/10.1101/gr.107 
524.110

Meisner,	J.,	&	Albrechtsen,	A.	(2018).	Inferring	population	structure	and	
admixture	proportions	in	low-	depth	NGS	data.	Genetics,	210,	719–	
731. https://doi.org/10.1534/genet	ics.118.301336

Mercier,	 J.-	L.,	&	Wilmé,	 L.	 (2013).	 The	 eco-	geo-	Clim	model:	 Expaining	
Madagascar's	endemism.	Madagascar Conservation & Development,	
8,	63–	68.

Mitchell,	P.	(2019).	Settling	Madagascar:	When	did	people	first	colonize	
the	world's	largest	Island?	Journal of Island and Coastal Archaeology,	
15,	576–	595.	https://doi.org/10.1080/15564 894.2019.1582567

Mittermeier,	R.	A.,	Louis,	E.	E.,	Jr.,	Richardson,	M.,	Schwitzer,	C.,	Langrand,	
O.,	 Rylands,	 A.	 B.,	 Hawkins,	 F.,	 Rajaobelina,	 S.,	 Ratsimbazafy,	 J.,	
Rasoloarison,	 R.,	 Roos,	 C.,	 Kappeler,	 P.,	 &	 Mackinnon,	 J.	 (2010).	
Lemurs of Madagascar	(3rd	ed.).	Conservation	International.

Morelli,	 T.	 L.,	 Smith,	A.	B.,	Mancini,	A.	N.,	 Balko,	 E.	A.,	 Borgerson,	C.,	
Dolch,	 R.,	 Farris,	 Z.,	 Federman,	 S.,	 Golden,	 C.	D.,	 Holmes,	 S.	M.,	
Irwin,	M.,	Jacobs,	R.	L.,	Johnson,	S.,	King,	T.,	Lehman,	S.	M.,	Louis,	E.	
E.,	Murphy,	A.,	Randriahaingo,	H.	N.	T.,	Randrianarimanana,	H.	L.	L.,	
…	Baden,	A.	L.	(2020).	The	fate	of	Madagascar's	rainforest	habitat.	
Nature Climate Change,	10,	 89–	96.	https://doi.org/10.1038/s4155 
8-	019-	0647-	x

Myers,	N.,	Mittermeier,	R.	A.,	Mittermeier,	C.	G.,	Da	Fonseca,	G.	A.	B.,	&	
Kent,	 J.	 (2000).	 Biodiversity	 hotspots	 for	 conservation	 priorities.	
Nature,	403,	853–	858.	https://doi.org/10.1038/35002501

Oksanen,	J.,	Blanchet,	F.	G.,	Friendly,	M.,	Kindt,	R.,	Legendre,	P.,	McGlinn,	
D.,	Minchin,	P.	R.,	O'Hara,	R.	B.,	Simpson,	G.	L.,	Solymos,	P.,	Stevens,	
M.	H.	H.,	Szoecs,	E.,	&	Wagner,	H.	(2020).	Vegan: Community ecology 
package	 (2.5-	7).	 https://cran.r-proje	ct.org/web/packa	ges/vegan/	
index.html

O'Leary,	 S.	 J.,	 Puritz,	 J.	 B.,	Willis,	 S.	C.,	Hollenbeck,	C.	M.,	&	Portnoy,	
D.	S.	(2018).	These	aren't	the	loci	you're	looking	for:	Principles	of	
effective	SNP	filtering	for	molecular	ecologists.	Molecular Ecology,	
27,	3193–	3206.	https://doi.org/10.1111/mec.14792

Olivieri,	 G.,	 Zimmermann,	 E.,	 Randrianambinina,	 B.,	 Rasoloharijaona,	
S.,	 Rakotondravony,	 D.,	 Guschanski,	 K.,	 &	 Radespiel,	 U.	 (2006).	
The	 ever-	increasing	 diversity	 in	 mouse	 lemurs:	 Three	 new	
species	 in	 north	 and	 northwestern	 Madagascar.	 Molecular 
Phylogenetics and Evolution,	43,	309–	327.	https://doi.org/10.1016/j.
ympev.2006.10.026

Padial,	J.	M.,	Miralles,	A.,	De	la	Riva,	 I.,	&	Vences,	M.	 (2010).	The	inte-
grative	future	of	taxonomy.	Frontiers in Zoology,	7,	16.	https://doi.
org/10.1186/1742-	9994-	7-	16

Pande,	 K.,	 Sheth,	 H.	 C.,	 &	 Bhutani,	 R.	 (2001).	 40Ar–	39Ar	 age	 of	 the	
St.	 Mary's	 Islands	 volcanics,	 southern	 India:	 Record	 of	 India–	
Madagascar	 break-	up	 on	 the	 Indian	 subcontinent.	 Earth and 
Planetary Science Letters,	 193,	 39–	46.	 https://doi.org/10.1016/
S0012	-	821X(01)00495	-	2

Pastorini,	 J.,	 Thalmann,	 U.,	 &	 Martint,	 R.	 D.	 (2003).	 A	 molecular	 ap-
proach	to	comparative	phylogeography	of	extant	Malagasy	lemurs.	
Proceedings of the National Academy of Sciences of the United States 
of America,	100,	5879–	5884.	https://doi.org/10.1073/PNAS.10316	
73100

Petkova,	 D.,	 Novembre,	 J.,	 &	 Stephens,	 M.	 (2015).	 Visualizing	 spatial	
population	structure	with	estimated	effective	migration	surfaces.	
Nature Genetics,	48,	94–	100.	https://doi.org/10.1038/ng.3464

Phillips,	S.	B.,	Aneja,	V.	P.,	Kang,	D.,	&	Arya,	S.	P.	(2006).	Maximum	en-
tropy	 modeling	 of	 species	 geographic	 distributions.	 Ecological 
Modelling,	 190,	 231–	259.	 https://doi.org/10.1016/J.ECOLM	
ODEL.2005.03.026

Pierron,	 D.,	 Heiske,	 M.,	 Razafindrazaka,	 H.,	 Rakoto,	 I.,	 Rabetokotany,	
N.,	 Ravololomanga,	 B.,	 Rakotozafy,	 L.	 M.	 A.,	 Rakotomalala,	
M.	 M.,	 Razafiarivony,	 M.,	 Rasoarifetra,	 B.,	 Raharijesy,	 M.	 A.,	
Razafindralambo,	 L.,	 Ramilisonina,	 F.,	 Lejamble,	 S.,	 Thomas,	 O.,	
Abdallah,	 A.	M.,	 Rocher,	 C.,	 Arachiche,	 A.,	 …	 Letellier,	 T.	 (2017).	
Genomic	 landscape	 of	 human	 diversity	 across	 Madagascar.	

 20457758, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10254 by Schw

eizerische A
kadem

ie D
er, W

iley O
nline L

ibrary on [04/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1093/BIOINFORMATICS/BTZ305
https://doi.org/10.1186/s12915-017-0439-6
https://doi.org/10.1093/sysbio/syt049
https://doi.org/10.1093/sysbio/syt049
https://doi.org/10.1093/sysbio/syy051
https://doi.org/10.1093/sysbio/syy051
https://doi.org/10.1093/jhered/esw072
https://github.com/bleutner/RStoolbox
https://github.com/bleutner/RStoolbox
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1007/s10764-006-9036-1
https://doi.org/10.1896/052.023.0103
https://doi.org/10.1111/J.1558-5646.1991.TB04333.X
https://doi.org/10.1111/J.1558-5646.1991.TB04333.X
https://doi.org/10.1098/RSTB.1972.0013
https://doi.org/10.1098/RSTB.1972.0013
https://doi.org/10.1111/jbi.14032
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1534/genetics.118.301336
https://doi.org/10.1080/15564894.2019.1582567
https://doi.org/10.1038/s41558-019-0647-x
https://doi.org/10.1038/s41558-019-0647-x
https://doi.org/10.1038/35002501
https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/vegan/index.html
https://doi.org/10.1111/mec.14792
https://doi.org/10.1016/j.ympev.2006.10.026
https://doi.org/10.1016/j.ympev.2006.10.026
https://doi.org/10.1186/1742-9994-7-16
https://doi.org/10.1186/1742-9994-7-16
https://doi.org/10.1016/S0012-821X(01)00495-2
https://doi.org/10.1016/S0012-821X(01)00495-2
https://doi.org/10.1073/PNAS.1031673100
https://doi.org/10.1073/PNAS.1031673100
https://doi.org/10.1038/ng.3464
https://doi.org/10.1016/J.ECOLMODEL.2005.03.026
https://doi.org/10.1016/J.ECOLMODEL.2005.03.026


    |  15 of 16van ELST et al.

Proceedings of the National Academy of Sciences of the United 
States of America,	 114,	 E6498–	E6506.	 https://doi.org/10.1073/
pnas.17049	06114

Pirani,	R.	M.,	Tonini,	 J.	 F.	R.,	Thomaz,	A.	T.,	Napoli,	M.	F.,	Encarnação,	
L.	 C.,	 Knowles,	 L.	 L.,	 &	Werneck,	 F.	 P.	 (2022).	Deep	 genomic	 di-
vergence	and	phenotypic	admixture	of	the	treefrog	Dendropsophus 
elegans	(Hylidae:	Amphibia)	coincide	with	riverine	boundaries	at	the	
Brazilian	Atlantic	Forest.	Frontiers in Ecology and Evolution,	10,	92.	
https://doi.org/10.3389/fevo.2022.765977

Plummer,	P.	S.,	&	Belle,	E.	R.	(1995).	Mesozoic	tectono-	stratigraphic	evo-
lution	of	 the	Seychelles	microcontinent.	Sedimentary Geology,	96,	
73–	91.	https://doi.org/10.1016/0037-	0738(94)00127	-	G

Poelstra,	J.	W.,	Montero,	B.	K.,	Lüdemann,	J.,	Yang,	Z.,	Rakotondranary,	S.	
J.,	Hohenlohe,	P.,	Stetter,	N.,	Ganzhorn,	J.	U.,	&	Yoder,	A.	D.	(2022).	
RADseq	 data	 reveal	 a	 lack	 of	 admixture	 in	 a	 mouse	 lemur	 con-
tact	 zone	 contrary	 to	 previous	microsatellite	 results.	Proceedings 
of the Royal Society B,	 289,	 20220596.	 https://doi.org/10.1098/
RSPB.2022.0596

Poelstra,	J.	W.,	Richards,	E.	J.,	&	Martin,	C.	H.	(2018).	Speciation	in	sym-
patry	with	ongoing	secondary	gene	flow	and	a	potential	olfactory	
trigger	 in	 a	 radiation	of	Cameroon	cichlids.	Molecular Ecology,	27,	
4270–	4288.	https://doi.org/10.1111/MEC.14784

Poelstra,	 J.	 W.,	 Salmona,	 J.,	 Tiley,	 G.	 P.,	 Schüßler,	 D.,	 Blanco,	 M.	 B.,	
Andriambeloson,	 J.	 B.,	 Bouchez,	O.,	 Campbell,	 C.	 R.,	 Etter,	 P.	D.,	
Hohenlohe,	P.	A.,	Hunnicutt,	K.	E.,	Iribar,	A.,	Johnson,	E.	A.,	Kappeler,	
P.	M.,	Larsen,	P.	A.,	Manzi,	S.,	Ralison,	J.	M.,	Randrianambinina,	B.,	
Rasoloarison,	R.	M.,	…	Yoder,	A.	D.	(2021).	Cryptic	patterns	of	spe-
ciation	 in	 cryptic	 primates:	Microendemic	mouse	 lemurs	 and	 the	
multispecies	coalescent.	Systematic Biology,	70,	203–	218.	https://
doi.org/10.1093/sysbi	o/syaa053

Portela,	R.,	Nunes,	P.	A.	L.	D.,	Onofri,	L.,	Villa,	F.,	Shepard,	A.,	&	Lange,	G.-	
M.	(2012).	Assessing and valuing ecosystem services in the Ankeniheny- 
Zahamena corridor (CAZ), Madagascar.	 Wealth	 Accounting	 and	
Valuation	of	Ecosystem	Services	(WAVES)	Madagascar.

Radespiel,	 U.,	 Lutermann,	 H.,	 Schmelting,	 B.,	 &	 Zimmermann,	 E.	
(2019).	 An	 empirical	 estimate	 of	 the	 generation	 time	 of	 mouse	
lemurs.	 American Journal of Primatology,	 81,	 e23062.	 https://doi.
org/10.1002/ajp.23062

Radespiel,	 U.,	 Ratsimbazafy,	 J.	 H.,	 Rasoloharijaona,	 S.,	 Raveloson,	 H.,	
Andriaholinirina,	N.,	Rakotondravony,	R.,	Randrianarison,	R.	M.,	&	
Randrianambinina,	B.	(2012).	First	indications	of	a	highland	special-
ist	among	mouse	lemurs	(Microcebus	spp.)	and	evidence	for	a	new	
mouse	lemur	species	from	eastern	Madagascar.	Primates,	53,	157–	
170. https://doi.org/10.1007/s1032	9-	011-	0290-	2

Rakotondratsimba,	 G.,	 Ralisoamalala,	 R.,	 &	 Ratsimbazafy,	 J.	 H.	 (2013).	
Les	 lémuriens	 du	 site	 Ramsar	 de	 Torotorofotsy.	 Madagascar 
Conservation & Development,	 8,	 29–	38.	 https://doi.org/10.4314/
mcd.v8i1.5

Rambaut,	A.,	Drummond,	A.	J.,	Xie,	D.,	Baele,	G.,	&	Suchard,	M.	A.	(2018).	
Posterior	 summarization	 in	 Bayesian	 phylogenetics	 using	 Tracer	
1.7. Systematic Biology,	67,	901–	904.	https://doi.org/10.1093/sysbi	
o/syy032

Rasoloarison,	 R.	 M.,	 Weisrock,	 D.	 W.,	 Yoder,	 A.	 D.,	 Rakotondravony,	
D.,	 &	 Kappeler,	 P.	M.	 (2013).	 Two	 new	 species	 of	mouse	 lemurs	
(Cheirogaleidae:	Microcebus)	from	eastern	Madagascar.	International 
Journal of Primatology,	34,	455–	469.	https://doi.org/10.1007/S1076	
4-	013-	9672-	1/FIGUR	ES/4

Ratsimbazafy,	 J.	H.,	Ralainasolo,	 F.	B.,	Rendigs,	A.,	Mantilla-	Contreras,	
J.,	 Andrianandrasana,	 H.,	 Mandimbihasina,	 A.	 R.,	 Nievergelt,	 C.	
M.,	 Lewis,	 R.,	 &	Waeber,	 P.	O.	 (2013).	Gone	 in	 a	 puff	 of	 smoke?	
Hapalemur alaotrensis	 at	 great	 risk	 of	 extinction.	 Lemur News,	17,	
14–	18.

Reynolds,	 J.,	 Weir,	 B.	 S.,	 &	 Cockerham,	 C.	 C.	 (1983).	 Estimation	 of	
the	 coancestry	 coefficient:	 Basis	 for	 a	 short-	term	 genetic	 dis-
tance.	 Genetics,	 105,	 767–	779.	 https://doi.org/10.1093/GENET	
ICS/105.3.767

Rocchini,	D.,	 Thouverai,	 E.,	Marcantonio,	M.,	 Iannacito,	M.,	Da	Re,	D.,	
Torresani,	 M.,	 Bacaro,	 G.,	 Bazzichetto,	 M.,	 Bernardi,	 A.,	 Foody,	
G.	 M.,	 Furrer,	 R.,	 Kleijn,	 D.,	 Larsen,	 S.,	 Lenoir,	 J.,	 Malavasi,	 M.,	
Marchetto,	E.,	Messori,	F.,	Montaghi,	A.,	Moudrý,	V.,	…	Wegmann,	
M.	 (2021).	Rasterdiv	—		An	 information	theory	tailored	R	package	
for	measuring	ecosystem	heterogeneity	from	space:	To	the	origin	
and	back.	Methods in Ecology and Evolution,	12,	1093–	1102.	https://
doi.org/10.1111/2041-	210X.13583

Rochette,	N.	C.,	Rivera-	Colón,	A.	G.,	&	Catchen,	J.	M.	(2019).	Stacks	2:	
Analytical	methods	 for	 paired-	end	 sequencing	 improve	RADseq-	
based	 population	 genomics.	 Molecular Ecology,	 28,	 4737–	4754.	
https://doi.org/10.1111/mec.15253

Roos,	 C.,	 &	 Kappeler,	 P.	 (2006).	 Distribution	 and	 conservation	 sta-
tus	 of	 two	 newly	 described	 cheirogaleid	 species,	Mirza zaza	 and	
Microcebus lehilahytsara. Primate Conservation,	 2006,	 51–	53.	
https://doi.org/10.1896/0898-	6207.21.1.51

Schäffler,	 L.,	 &	 Kappeler,	 P.	M.	 (2014).	 Distribution	 and	 abundance	 of	
the	world's	 smallest	primate,	Microcebus berthae,	 in	central	west-
ern	Madagascar.	 International Journal of Primatology,	35,	557–	572.	
https://doi.org/10.1007/S1076	4-	014-	9768-	2/FIGUR	ES/4

Schüßler,	D.,	Blanco,	M.	B.,	Salmona,	J.,	Poelstra,	J.,	Andriambeloson,	J.	
B.,	Miller,	A.,	Randrianambinina,	B.,	Rasolofoson,	D.	W.,	Mantilla-	
Contreras,	J.,	Chikhi,	L.,	Louis,	E.	E.,	Yoder,	A.	D.,	&	Radespiel,	U.	
(2020).	Ecology	and	morphology	of	mouse	lemurs	(Microcebus	spp.)	
in	a	hotspot	of	microendemism	in	northeastern	Madagascar,	with	
the	description	of	a	new	species.	American Journal of Primatology,	
82,	e23180.	https://doi.org/10.1002/ajp.23180

Schüßler,	D.,	Mantilla-	Contreras,	 J.,	 Stadtmann,	R.,	Ratsimbazafy,	 J.,	&	
Radespiel,	U.	 (2020).	 Identification	of	crucial	stepping	stone	hab-
itats	 for	 biodiversity	 conservation	 in	 northeastern	 Madagascar	
using	 remote	 sensing	 and	 comparative	 predictive	 modeling.	
Biodiversity and Conservation,	29,	2161–	2184.

Schwitzer,	C.,	Mittermeier,	R.,	Davies,	N.,	Johnson,	S.,	Ratsimbazafy,	J.,	
Razafindramanana,	J.,	Louis,	E.	E.,	Jr.,	&	Rajaobelina,	S.	(2013).	In	C.	
Schwitzer,	R.	Mittermeier,	N.	Davies,	S.	Johnson,	J.	Ratsimbazafy,	
J.	Razafindramanana,	E.	E.	Louis,	Jr.,	&	S.	Rajaobelina	(Eds.),	Lemurs 
of Madagascar: A strategy for their conservation 2013– 2016.	 IUCN	
SSC	 Primate	 Specialist	 Group,	 Bristol	 Conservation	 and	 Science	
Foundation,	and	Conservation	International.

Sgarlata,	G.	M.,	Salmona,	J.,	Aleixo-	Pais,	 I.,	Rakotonanahary,	A.,	Sousa,	
A.	 P.,	 Kun-	Rodrigues,	 C.,	 Ralantoharijaona,	 T.,	 Jan,	 F.,	 Zaranaina,	
R.,	Rasolondraibe,	E.,	Zaonarivelo,	 J.	R.,	Andriaholinirina,	N.	V.,	&	
Chikhi,	L.	(2018).	Genetic	differentiation	and	demographic	history	
of	the	northern	rufous	mouse	 lemur	 (Microcebus tavaratra)	across	
a	 fragmented	 landscape	 in	 northern	 Madagascar.	 International 
Journal of Primatology,	 39,	 65–	89.	 https://doi.org/10.1007/S1076	
4-	018-	0015-	0/FIGUR	ES/6

Skotte,	L.,	Korneliussen,	T.	S.,	&	Albrechtsen,	A.	 (2013).	Estimating	 in-
dividual	 admixture	 proportions	 from	 next	 generation	 sequenc-
ing	 data.	 Genetics,	 195,	 693–	702.	 https://doi.org/10.1534/genet	
ics.113.154138

Snyder,	C.	W.	(2016).	Evolution	of	global	temperature	over	the	past	two	
million	years.	Nature,	538,	226–	228.	https://doi.org/10.1038/natur	
e19798

Swofford,	D.	L.	(2003).	PAUP*: Phylogenetic analysis using parsimony (*and 
other methods), version 4.	Sinauer	Associates.

Teixeira,	H.,	Montade,	V.,	Salmona,	J.,	Metzger,	J.,	Bremond,	L.,	Kasper,	
T.,	 Daut,	 G.,	 Rouland,	 S.,	 Ranarilalatiana,	 S.,	 Rakotondravony,	 R.,	
Chikhi,	L.,	Behling,	H.,	&	Radespiel,	U.	(2021).	Past	environmental	
changes	 affected	 lemur	 population	 dynamics	 prior	 to	 human	 im-
pact	 in	Madagascar.	Communications Biology,	4,	 1–	10.	https://doi.
org/10.1038/s4200	3-	021-	02620	-	1

Teixeira,	 H.,	 Salmona,	 J.,	 Arredondo,	 A.,	 Mourato,	 B.,	 Manzi,	 S.,	
Rakotondravony,	R.,	Mazet,	O.,	Chikhi,	L.,	Metzger,	J.,	&	Radespiel,	
U.	(2021).	Impact	of	model	assumptions	on	demographic	inferences:	
The	 case	 study	 of	 two	 sympatric	mouse	 lemurs	 in	 northwestern	

 20457758, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10254 by Schw

eizerische A
kadem

ie D
er, W

iley O
nline L

ibrary on [04/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1073/pnas.1704906114
https://doi.org/10.1073/pnas.1704906114
https://doi.org/10.3389/fevo.2022.765977
https://doi.org/10.1016/0037-0738(94)00127-G
https://doi.org/10.1098/RSPB.2022.0596
https://doi.org/10.1098/RSPB.2022.0596
https://doi.org/10.1111/MEC.14784
https://doi.org/10.1093/sysbio/syaa053
https://doi.org/10.1093/sysbio/syaa053
https://doi.org/10.1002/ajp.23062
https://doi.org/10.1002/ajp.23062
https://doi.org/10.1007/s10329-011-0290-2
https://doi.org/10.4314/mcd.v8i1.5
https://doi.org/10.4314/mcd.v8i1.5
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1007/S10764-013-9672-1/FIGURES/4
https://doi.org/10.1007/S10764-013-9672-1/FIGURES/4
https://doi.org/10.1093/GENETICS/105.3.767
https://doi.org/10.1093/GENETICS/105.3.767
https://doi.org/10.1111/2041-210X.13583
https://doi.org/10.1111/2041-210X.13583
https://doi.org/10.1111/mec.15253
https://doi.org/10.1896/0898-6207.21.1.51
https://doi.org/10.1007/S10764-014-9768-2/FIGURES/4
https://doi.org/10.1002/ajp.23180
https://doi.org/10.1007/S10764-018-0015-0/FIGURES/6
https://doi.org/10.1007/S10764-018-0015-0/FIGURES/6
https://doi.org/10.1534/genetics.113.154138
https://doi.org/10.1534/genetics.113.154138
https://doi.org/10.1038/nature19798
https://doi.org/10.1038/nature19798
https://doi.org/10.1038/s42003-021-02620-1
https://doi.org/10.1038/s42003-021-02620-1


16 of 16  |     van ELST et al.

Madagascar.	 BMC Ecology and Evolution,	 21,	 1–	18.	 https://doi.
org/10.1186/S1286	2-	021-	01929	-	Z

Thuiller,	W.,	Lafourcade,	B.,	Engler,	R.,	&	Araújo,	M.	B.	(2009).	BIOMOD	–		A	
platform	for	ensemble	forecasting	of	species	distributions.	Ecography,	
32,	369–	373.	https://doi.org/10.1111/J.1600-	0587.2008.05742.X

Tiley,	G.,	van	Elst,	T.,	Teixeira,	H.,	Schüßler,	D.,	Salmona,	J.,	Blanco,	M.,	
Ralison,	 J.,	 Randrianambinina,	 B.,	 Rasoloarison,	 R.,	 Stahlke,	 A.,	
Hohenlohe,	P.,	Chikhi,	L.,	Louis,	E.,	Radespiel,	U.,	&	Yoder,	A.	(2022).	
Population	genomic	structure	 in	Goodman's	mouse	 lemur	reveals	
long-	standing	 separation	 of	 Madagascar's	 central	 highlands	 and	
eastern	rainforests.	Molecular Ecology,	31,	4901–	4918.	https://doi.
org/10.1111/mec.16632

Tseng,	 S.	 P.,	 Li,	 S.	 H.,	 Hsieh,	 C.	 H.,	Wang,	 H.	 Y.,	 &	 Lin,	 S.	 M.	 (2014).	
Influence	of	gene	flow	on	divergence	dating	–		Implications	for	the	
speciation	 history	 of	Takydromus	 grass	 lizards.	Molecular Ecology,	
23,	4770–	4784.	https://doi.org/10.1111/MEC.12889

Vences,	 M.,	 Wollenberg,	 K.	 C.,	 Vieites,	 D.	 R.,	 &	 Lees,	 D.	 C.	 (2009).	
Madagascar	 as	 a	 model	 region	 of	 species	 diversification.	 Trends 
in Ecology and Evolution,	 24,	 456–	465.	 https://doi.org/10.1016/j.
tree.2009.03.011

Vieilledent,	 G.,	 Grinand,	 C.,	 Rakotomalala,	 F.	 A.,	 Ranaivosoa,	 R.,	
Rakotoarijaona,	J.	R.,	Allnutt,	T.	F.,	&	Achard,	F.	(2018).	Combining	
global	 tree	 cover	 loss	 data	 with	 historical	 national	 forest	 cover	
maps	to	look	at	six	decades	of	deforestation	and	forest	fragmenta-
tion	in	Madagascar.	Biological Conservation,	222,	189–	197.	https://
doi.org/10.1016/j.biocon.2018.04.008

Warren,	D.	L.,	Matzke,	N.	J.,	Cardillo,	M.,	Baumgartner,	J.	B.,	Beaumont,	
L.	J.,	Turelli,	M.,	Glor,	R.	E.,	Huron,	N.	A.,	Simões,	M.,	Iglesias,	T.	L.,	
Piquet,	 J.	C.,	&	Dinnage,	R.	 (2021).	ENMTools	1.0:	An	R	package	
for	comparative	ecological	biogeography.	Ecography,	44,	504–	511.	
https://doi.org/10.1111/ECOG.05485

Wilmé,	 L.,	 Goodman,	 S.	 M.,	 &	 Ganzhorn,	 J.	 U.	 (2006).	 Biogeographic	
evolution	of	Madagascar's	microendemic	biota.	Science,	312,	1063–	
1065. https://doi.org/10.1126/scien	ce.1122806

Yoder,	A.	D.,	Campbell,	C.	R.,	Blanco,	M.	B.,	Dos	Reis,	M.,	Ganzhorn,	J.	
U.,	Goodman,	S.	M.,	Hunnicutt,	K.	E.,	Larsen,	P.	A.,	Kappeler,	P.	M.,	
Rasoloarison,	R.	M.,	Ralison,	J.	M.,	Swofford,	D.	L.,	&	Weisrock,	D.	
W.	(2016).	Geogenetic	patterns	in	mouse	lemurs	(genus	Microcebus)	
reveal	the	ghosts	of	Madagascar's	forests	past.	Proceedings of the 
National Academy of Sciences of the United States of America,	113,	
8049–	8056.	https://doi.org/10.1073/pnas.16010	81113

Zohdy,	S.,	Gerber,	B.	D.,	Tecot,	S.,	Blanco,	M.	B.,	Winchester,	J.	M.,	Wright,	
P.	C.,	&	 Jernvall,	 J.	 (2014).	Teeth,	 sex,	 and	 testosterone:	Aging	 in	
the	 world's	 smallest	 primate.	 PLoS One,	 9,	 e109528.	 https://doi.
org/10.1371/JOURN	AL.PONE.0109528

SUPPORTING INFORMATION
Additional	 supporting	 information	 can	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	this	article.

How to cite this article: van	Elst,	T.,	Schüßler,	D.,	
Rakotondravony,	R.,	Rovanirina,	V.	S.	T.,	Veillet,	A.,	
Hohenlohe,	P.	A.,	Ratsimbazafy,	J.	H.,	Rasoloarison,	R.	M.,	
Rasoloharijaona,	S.,	Randrianambinina,	B.,	Ramilison,	M.	L.,	
Yoder,	A.	D.,	Louis,	E.	E.	Jr.,	&	Radespiel,	U.	(2023).	
Diversification	processes	in	Gerp's	mouse	lemur	
demonstrate	the	importance	of	rivers	and	altitude	as	
biogeographic	barriers	in	Madagascar's	humid	rainforests.	
Ecology and Evolution,	13,	e10254.	https://doi.org/10.1002/
ece3.10254

 20457758, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10254 by Schw

eizerische A
kadem

ie D
er, W

iley O
nline L

ibrary on [04/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1186/S12862-021-01929-Z
https://doi.org/10.1186/S12862-021-01929-Z
https://doi.org/10.1111/J.1600-0587.2008.05742.X
https://doi.org/10.1111/mec.16632
https://doi.org/10.1111/mec.16632
https://doi.org/10.1111/MEC.12889
https://doi.org/10.1016/j.tree.2009.03.011
https://doi.org/10.1016/j.tree.2009.03.011
https://doi.org/10.1016/j.biocon.2018.04.008
https://doi.org/10.1016/j.biocon.2018.04.008
https://doi.org/10.1111/ECOG.05485
https://doi.org/10.1126/science.1122806
https://doi.org/10.1073/pnas.1601081113
https://doi.org/10.1371/JOURNAL.PONE.0109528
https://doi.org/10.1371/JOURNAL.PONE.0109528
https://doi.org/10.1002/ece3.10254
https://doi.org/10.1002/ece3.10254

	Diversification processes in Gerp's mouse lemur demonstrate the importance of rivers and altitude as biogeographic barriers in Madagascar's humid rainforests
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study sites and sampling
	2.2|RAD sequencing, genotyping, and locus extraction
	2.3|Phylogenetic inference
	2.4|Population structure
	2.5|Coalescent modeling
	2.6|Ecological niche modeling

	3|RESULTS
	3.1|RADseq statistics
	3.2|Phylogenetic inference
	3.3|Population structure
	3.4|Coalescent modeling
	3.5|Ecological niche modeling

	4|DISCUSSION
	4.1|Rivers, elevation, and paleoclimate shaped the diversification of M. gerpi
	4.2|A model for species diversification
	4.3|Taxonomic implications
	4.4|Conservation

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


