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Abstract
Aim: Understanding	the	drivers	of	speciation	within	islands	is	key	to	explain	the	high	
levels	of	 invertebrate	diversification	and	endemism	often	observed	within	 islands.	
Here,	we	propose	an	insular	topoclimate	model	for	Quaternary	diversification	(ITQD),	
and	test	the	general	prediction	that,	within	a	radially	eroded	conical	island,	glacial	cli‐
mate	conditions	facilitate	the	divergence	of	populations	within	species	across	valleys.
Location: Gran	Canaria,	Canary	Islands.
Taxon: The	Laparocerus tessellatus	beetle	species	complex	(Coleoptera,	Curculionidae).
Methods: We	characterize	individual‐level	genomic	relationships	using	single	nucleo‐
tide	polymorphisms	produced	by	double‐digest	restriction	site	associated	DNA	se‐
quencing	(ddRAD‐seq).	A	range	of	parameter	values	were	explored	in	order	to	filter	
our	data.	We	assess	individual	relatedness,	species	boundaries,	demographic	history	
and	spatial	patterns	of	connectivity.
Results: The	total	number	of	ddRAD‐seq	loci	per	sample	ranges	from	4,576	to	512,	
with	11.12%	and	4.84%	of	missing	data	respectively,	depending	on	the	filtering	pa‐
rameter	combination.	We	consistently	infer	four	genetically	distinct	ancestral	pop‐
ulations	 and	 two	presumed	 cases	 of	 admixture,	 one	 of	which	 is	 largely	 restricted	
to	high	altitudes.	Bayes	factor	delimitation	support	the	hypothesis	of	four	species,	
which	is	consistent	with	the	four	inferred	ancestral	gene	pools.	Landscape	resistance	
analyses	 identified	 genomic	 relatedness	 among	 individuals	 in	 two	 out	 of	 the	 four	
inferred	species	to	be	best	explained	by	annual	precipitation	during	the	last	glacial	
maximum	rather	than	geographic	distance.
Main conclusions: Our	data	 reveal	 a	 complex	 speciation	history	 involving	popula‐
tion	isolation	and	admixture,	with	broad	support	for	the	ITQD	model	here	proposed.	
We	suggest	that	further	studies	are	needed	to	test	the	generality	of	our	model,	and	
enrich	our	understanding	of	the	evolutionary	process	in	island	invertebrates.	Our	re‐
sults	demonstrate	the	power	of	ddRAD‐seq	data	to	provide	a	detailed	understanding	
of	the	temporal	and	spatial	dynamics	of	insular	biodiversity.
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1  | INTRODUC TION

The	 study	of	 invertebrate	 speciation	on	oceanic	 archipelagos	has	
been	 the	 focus	 of	 much	 attention	 due	 to	 the	 well‐defined	 geo‐
graphic	 boundaries	 of	 individual	 islands,	 the	 typical	 historical	
geographic	 isolation	 of	 islands	 from	 each	 other	 (but	 see	 Rijsdijk	
et	al.,	2014),	their	dynamic	and	complex	history	of	volcanism,	and	
an	often‐strong	endemic	species	component	of	 their	biodiversity.	
Molecular	phylogenetic	approaches	have	been	an	important	source	
of	information	to	understand	both	the	tempo	and	geography	of	spe‐
cies	 origins	 in	 oceanic	 island	 settings	 (e.g.	 Contreras‐Diaz,	Moya,	
Oromi,	&	Juan,	2007;	Dimitrov,	Arnedo,	&	Ribera,	2008;	Sequeira,	
Lanteri,	Albelo,	Bhattacharya,	&	Sijapati,	2008;	Shapiro,	Strazanac,	
&	Roderick,	2006;	Shaw	&	Gillespie,	2016),	contributing	to	our	un‐
derstanding	of	patterns	of	community	assembly	and	turnover	(e.g.	
Emerson,	 2003;	 Emerson	 &	 Gillespie,	 2008;	 Emerson	 &	 Oromi,	
2005).	Population‐level	approaches	have	revealed	the	importance	
of	colonization	dynamics	among	 islands	 in	the	speciation	process,	
highlighting	how	repeated	colonizations	of	an	 island	and	gene	ex‐
change	among	different	populations	and	species	among	islands	can	
play	an	important	role	in	speciation	(Hendrickx	et	al.,	2015;	Jordal,	
Emerson,	 &	 Hewitt,	 2006).	 Population‐level	 studies	 are	 informa‐
tive	 about	 divergence,	 gene	 flow,	 establishment	 of	 reproductive	
isolation	and	speciation,	and	the	factors	that	promote	it.	However,	
compared	 to	 phylogenetic	 analyses	 of	 speciation	 history,	 studies	
that	 specifically	 address	 the	 speciation	 process	 in	 invertebrates	
within	oceanic	islands	are	few.	Thus,	understanding	the	drivers	of	
invertebrate	speciation	within	islands,	in	particular	the	potential	for	
interactions	 among	 geology,	 topography	 and	 climate	 to	 promote	
speciation	by	 local	geographic	 isolation,	 is	a	key	challenge	(Patiño	
et	al.,	2017).

It	is	increasingly	recognized	that	Quaternary	glacial	cycles	have	
impacted	 oceanic	 islands	 due	 to	 coincident	 sea‐level	 and	 climate	
changes	 (e.g.	Ali	&	Aitchison,	2014;	Rijsdijk	et	 al.,	2014).	Sea‐level	
changes	can	cause	substantial	changes	in	island	area,	 isolation	and	
connectivity,	now	seen	as	consequential	for	patterns	of	island	ende‐
mism	across	oceanic	archipelagos	and	their	underlying	evolutionary	

dynamics	(e.g.	Norder	et	al.,	2019;	Papadopoulou	&	Knowles,	2015a,	
2015b;	Weigelt,	Steinbauer,	Cabral,	&	Kreft,	2016).	At	the	archipel‐
ago	 scale,	Gillespie	 and	Roderick	 (2014)	 point	 out	 that	 such	 a	 dy‐
namic	can	act	as	a	 “species	pump”,	potentially	 facilitating	 isolation	
and	speciation,	with	subsequent	range	expansions	 leading	to	sym‐
patry	 in	 periods	 of	 higher	 connectivity.	Within	 islands,	 transitions	
between	glacial	and	interglacial	climate	conditions	are	also	expected	
to	alter	 the	habitable	area	of	organisms,	 typically	 through	upslope	
and	downslope	shifts	in	species	range	limits.	Fernández‐Palacios	et	
al.	 (2016)	present	a	model	describing	how	variation	 in	Quaternary	
climatic	factors	must	have	enforced	species	elevational	changes,	fur‐
ther	exaggerating	isolation	distances	between	islands	caused	by	sea	
level	changes	alone	during	glacial	conditions.	While	the	implications	
for	speciation	between	islands	is	obvious,	there	has	been	less	focus	
on	how	Quaternary	climate	changes	and	their	environmental	conse‐
quences	might	impact	speciation	within	islands.

The	 dynamic	 highlighted	 by	 Fernández‐Palacios	 et	 al.	 (2016)	
raises	interesting	potential	outcomes	when	considering	topograph‐
ically	more	 complex	 islands.	Using	 a	 conically	 shaped	 island	 as	 an	
example,	 Fernández‐Palacios	 et	 al.	 (2016)	 illustrate	how	 rising	 sea	
levels	 and	 upward‐shifted	 climatic	 zones	 would	 simultaneously	
shift	 species	 distributions	 upslope	 and	 reduce	 their	 overall	 range	
size	 (Figure	1).	The	uniform	topography	considered	by	Fernández‐
Palacios	et	al.	 (2016)	models	expectations	for	a	geologically	young	
island,	 where	 erosional	 and	 catastrophic	 flank	 loss	 events	 are	 of	
minor	consequence.	In	such	a	uniform	landscape,	climate	is	expected	
to	change	predictably	with	distance	from	the	coast	to	the	centre	of	
the	 island.	 However,	 in	 older	more	 eroded	 conical	 islands,	 spatial	
variation	 in	 local	 climate	will	 be	 less	uniform,	and	 less	predictable	
based	on	radial	distance.	The	topographically	complex	conical	island	
of	Gran	Canaria	in	the	Canary	Islands	provides	a	useful	example	of	
this.	Local	climate	station	data	has	been	used	to	demonstrate	that	
pluviseasonal	 bioclimatic	 conditions	 are	 structured	 by	 variation	 in	
elevation	and	exposition	(Figure	2),	resulting	in	a	complex	matrix	of	
climate	discontinuity	across	the	island	(del‐Arco,	2002).

Evidence	 has	 been	 provided	 for	 maximum	 levels	 of	 isolation	
among	arthropod	populations	on	different	 islands	during	present	

F I G U R E  1  Quaternary	climate	change	and	oceanic	island	species	distributions.	Rising	sea	levels	and	upward‐shifted	climate	zones	
during	interglacial	conditions	are	expected	to	impact	upon	the	glacial	distributions	of	individual	species	and	habitats	within	oceanic	islands.	
As	climate	transitions	from	glacial	to	interglacial	conditions,	a	general	tendency	for	upslope	shifts	is	expected	(modified	from	Fernández‐
Palacios	et	al.,	2016)
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day	 interglacial	conditions	 (e.g.	 Jordan,	Simon,	Foote,	&	Englund,	
2005;	Papadopoulou	&	Knowles,	2015a,	2015b),	 providing	 some	
support	for	the	hypothesized	“species	pump”	action	of	rising	and	
falling	sea	levels	under	the	“Pleistocene	Aggregate	Island	Complex”	
(PAIC)	(Brown	&	Diesmos,	2002;	Brown,	Siler,	Diesmos,	&	Alcala,	
2009;	Esselstyn	&	Brown,	2009;	Heaney,	1985).	We	propose	that	
Quaternary	climate	oscillations	may	have	led	to	analogous	changes	
in	population	connectivity,	within	islands,	due	to	changes	in	the	cli‐
mate	landscape.	Dispersal	limitation	is	a	frequent	feature	of	insular	
arthropods,	 and	 it	 has	 been	 recognized	 that	 together	with	 land‐
scape	variation,	such	dispersal	limitation	can	promote	isolation	and	
initiate	 speciation	 within	 islands	 (Goodman,	Welter,	 &	 Roderick,	
2012),	 even	 at	 relatively	 small	 geographic	 scales	 (Vandergast,	
Gillespie,	 &	 Roderick,	 2004).	 Variation	 in	 climate	 across	 topo‐
graphically	complex	islands,	together	with	(a)	climatically	sensitive	
species	 with	 limited	 dispersal	 ability,	 and	 (b)	 cyclical	 alternation	
between	 glacial	 and	 interglacial	 conditions,	 could	 promote	 a	 dy‐
namic	 of	 population	 divergence	 and	 coalescence	 within	 islands,	
with	 potentially	 profound	 population	 genetic	 and	 evolutionary	
consequences.

Here,	we	develop	and	test	predictions	for	such	a	model	which	
we	refer	to	as	an	insular	topoclimate	model	for	Quaternary	diver‐
sification	 (hereafter	 termed	as	 ITQD).	To	explore	 this	model,	we	
use	 the	 geographic	 context	 of	 the	 eroded	 conical	 landscape	 of	

Gran	Canaria.	We	propose	that	during	temporally	more	persistent	
glacial	 conditions,	 species	 ranges	 would	 have	 extended	 down	
to	 their	 lowest	 elevations.	 At	 these	 low	 elevations	 species	 may	
have	reached	their	broadest	potential	range	sizes,	but	due	to	high	
topographic	 complexity	 at	 lower	 elevations,	 they	may	 have	 also	
experienced	the	greatest	potential	for	spatial	isolation	by	climate	
within	islands	(Figure	3).	As	conditions	transitioned	from	glacial	to	
interglacial,	distributions	would	have	shifted	to	higher	elevations	
and	a	simpler	geographic	climate	matrix,	something	that	should	fa‐
cilitate	secondary	contact	among	populations	previously	isolated	
at	 lower	elevations	 (Figure	3).	We	evaluate	predictions	 from	 the	
ITQD	model	using	genomic	data	from	a	candidate	system	of	dis‐
persal	limited	beetles	from	the	weevil	genus	Laparocerus	on	Gran	
Canaria.	 This	 is	 an	 ideal	model	 system	 for	 a	 number	 of	 reasons	
related	to	both	the	biology	of	the	focal	group,	the	Laparocerus tes-
sellatus	 species	 complex,	 and	 the	 radially	 eroded	geology	of	 the	
island	of	Gran	Canaria.

The	 L. tessellatus	 complex	 comprises	 10	 taxonomically	 de‐
scribed	species	and	an	additional	undescribed	species	distributed	
across	 four	 islands,	 with	 each	 species	 being	 a	 single	 island	 en‐
demic.	Species	are	dispersal	limited	and	patchily	distributed,	with	a	
clear	association	to	local	humidity	(Machado	&	Aguiar,	2005).	The	
five	 taxonomically	 recognized	 species	within	 the	 topographically	
and	climatically	complex	island	of	Gran	Canaria,	have	ranges	that	

F I G U R E  2  Sampling	of	the	Laparocerus tessellatus	complex	in	Gran	Canaria.	Map	showing	the	location	of	the	Canary	Islands	relative	to	
Northwest	Africa,	and	the	geography	of	the	archipelago	with	Gran	Canaria	highlighted	in	black.	Sampling	sites	are	shown	within	the	island	of	
Gran	Canaria,	together	with	the	estimated	distribution	limits	of	the	pluviseasonal	bioclimate
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fall	within	the	pluviseasonal	bioclimate	of	the	 island	(Figure	2).	A	
recent	 phylogenetic	 analysis	 for	 the	 genus	 Laparocerus revealed 
speciation	within	 islands	 to	be	an	 important	driver	 for	 the	diver‐
sification	of	the	196	taxonomically	described	species	and	subspe‐
cies	 in	 the	Canary	 Islands	 (Machado,	Rodriguez‐Exposito,	 Lopez,	
&	Hernandez,	 2017).	 Recent	 population	 level	 analyses	of	 closely	
related	 species	within	 the	L. tessellatus	 complex	have	 further	 re‐
vealed	 less	 than	simple	patterns	of	 individual	 relatedness	among	
islands	(Faria	et	al.,	2016),	subsequently	explained	by	mega‐land‐
slides	 facilitating	 movement	 between	 islands	 involving	 multiple	
individuals	 (García‐Olivares	 et	 al.,	 2017).	 However,	 there	 is	 less	
understanding	about	what	factors	have	promoted	divergence	and	
speciation	within	islands,	although	Faria	et	al.	(2016)	present	sug‐
gestive	evidence	for	environmental	barriers	promoting	both	isola‐
tion	and	secondary	contact.

Several	 recent	DNA	 sequence‐based	 analyses	 provide	 consis‐
tent	 evidence	 that	Gran	Canaria	 is	 the	 origin	 of	 the	 L. tessellatus 
complex.	 A	 Bayesian	 phylogenetic	 analysis	 concluded	 that	 the	 L. 
tessellatus	 complex	 belongs	 to	 a	monophyletic	 group	 of	 potential	
subgenus	status	 (Machado	et	al.,	2017)	that	 includes	a	further	21	
species.	All	but	 three	of	 the	additional	21	species	are	endemic	to	
Gran	Canaria,	consistent	with	a	Gran	Canarian	origin	for	the	com‐
plex.	 Faria	 et	 al.	 (2016)	 arrived	 to	 the	 same	 conclusion	 based	 on	
the	 geographic	 distribution	 of	 ITS2	 variation	 across	 the	 four	 is‐
lands	of	the	complex,	although	mtDNA	variation	was	less	informa‐
tive.	 However,	 increased	mtDNA	 sampling	 and	 network	 analyses	
in	 García‐Olivares	 et	 al.	 (2017)	 confirmed	 the	 inferred	 ancestral	
mtDNA	 haplotype	 for	 the	 complex	 to	 have	 a	 Gran	 Canarian	 ori‐
gin.	Gran	Canaria	 is	 represented	by	 four	 taxonomically	described	
species	from	the	L. tessellatus	complex:	L. microphthalmus	Lindberg,	
1950;	L. obsitus	Wollaston,	1864;	L. osorio	Machado,	2012;	and	L. 
tirajana	 Machado,	 2012.	 However,	 there	 are	 inconsistencies	 be‐
tween	 these	 taxonomic	 entities	 and	 relationships	 inferred	 from	
both	mtDNA	and	nuclear	sequence	data	(see	Faria	et	al.,	2016	for	
details),	highlighting	the	need	for	different	sequencing	technologies	
that	can	increase	resolution	in	order	to	infer	the	recent	diversifica‐
tion	history	of	the	L. tessellatus	complex.	Due	to	their	potential	to	
yield	data	from	thousands	of	loci,	reduced	representation	genome	
sequencing	approaches	offer	the	opportunity	to	quantify	individual	
relatedness	 and	 population	 genetic	 structure	with	 as	 few	 as	 two	
individuals	per	population	(Nazareno,	Bemmels,	Dick,	&	Lohmann,	
2017).	Here,	we	apply	double‐digest	restriction	site	associated	DNA	
sequencing	(ddRAD‐seq;	Peterson,	Weber,	Kay,	Fisher,	&	Hoekstra,	
2012)	to	investigate	in	more	detail	evolutionary	process	within	the	
L. tessellatus	species	complex.

The	onset	of	 the	relative	volcanic	quiescence	within	the	 island	
of	Gran	Canaria	c.	 3	Ma,	 known	as	 the	post‐Roque	Nublo	period,	
predates	estimates	for	the	initiation	of	diversification	within	the	L. 
tessellatus	 complex.	Applying	a	general	coleopteran	COII	mutation	
rate	to	mtDNA	sequence	variation	within	the	complex,	Faria	et	al.	
(2016)	estimated	the	onset	of	diversification	to	have	been	c. 2.7 Ma. 
More	recently,	Machado	et	al.	(2017)	used	geological	age	constraints	
to	calibrate	their	tree	with	a	more	complete	sampling	of	the	genus	

Laparocerus,	and	estimated	the	age	of	onset	to	be	c.	1.24	Ma.	Thus,	
diversification	falls	within	a	period	where	volcanic	activity	has	been	
characterized	 by	 localized	 low	 intensity	 activity	 in	 Gran	 Canaria,	
providing	an	opportunity	to	investigate	diversification	within	a	land‐
scape	subjected	to	the	more	subtle	changes	of	millennial‐scale	ero‐
sional	activity	and	climate	variation.

In	the	present	study,	we	first	describe	patterns	of	genomic	relat‐
edness	among	individuals,	and	then	test	the	fit	of	competing	hypoth‐
eses	 for	 species	boundaries	derived	 from	 taxonomy	and	RAD‐seq	
data.	We	then	use	the	best	fit	species	model	to	test	the	following	
three	predictions	from	our	ITQD	model,	in	the	context	of	a	radially	
eroded	conical	island.	Prediction	1	is	that	transitory	interglacial	con‐
ditions	favour	high	elevation	secondary	contact	and	potential	gene	
flow	between	species	or	populations	that	were	previously	 isolated	
at	 lower	altitudes	during	glacial	conditions	 (Figure	3).	Evidence	for	
this	prediction	would	be	provided	by	signatures	of	admixture	among	
species	or	populations	at	higher	elevations.	The	more	obvious	po‐
tential	mechanism	for	speciation	within	a	topoclimate	model	would	
be	through	increased	bioclimate	fragmentation	during	glacial	condi‐
tions,	together	with	the	colonization	of	new	favourable	bioclimatic	
areas	mediated	by	higher	bioclimate	connectivity	during	interglacial	
conditions	(Figure	3).	Following	from	this,	prediction	2	is	that	there	
would	be	lower	genetic	distance	(higher	genetic	connectivity)	among	
populations	along	altitudinal	transects	(i.e.	down	ridges	and	valleys),	
and	higher	genetic	distance	across	radial	transects	(i.e.	across	ridges	
and	valleys).	A	third	prediction,	derived	from	the	expected	higher	ge‐
netic	connectivity	under	interglacial	conditions,	 is	that	populations	
should	 present	 signatures	 for	 demographic	 expansion	 consistent	
with	the	transition	from	glacial	to	interglacial	conditions.

2  | MATERIAL S AND METHODS

2.1 | Geological context of Gran Canaria

Gran	Canaria	is	located	at	the	centre	of	the	Canarian	archipelago	with	
a	maximum	elevation	of	1,950	m	above	sea	level,	and	geologically	it	
is	likely	one	of	the	most	comprehensively	studied	oceanic	islands	in	
the	world	(Carracedo	&	Troll,	2016).	The	geology	of	Gran	Canaria	can	
be	broadly	summarized	as	first	involving	a	juvenile	or	shield	forming	
stage	(from	14.5–8.0	Ma),	which	includes	basaltic	shield	growth	on	
the	submarine	seamount,	 followed	by	a	period	of	volcanic	 inactiv‐
ity,	and	finally	a	stage	involving	renewed	activity	from	5.5	Ma	to	the	
present.	This	last	stage	is	divided	into	two	eruptive	periods:	Roque	
Nublo	 stratovolcanism	 and	 Post‐Roque	 Nublo	 volcanism	 (Aulinas	 
et	al.,	2010;	Carracedo	&	Day,	2002;	Guillou,	Torrado,	Hansen	Machin,	
Carracedo,	&	Gimeno,	2004;	Pérez‐Torrado,	Carracedo,	&	Mangas,	
1995).	Since	the	end	of	the	Roque	Nublo	eruptive	period,	c.	3	Ma,	
Gran	Canaria	has	been	relatively	inactive	in	terms	of	volcanic	activity,	
characterized	by	local	explosions	related	to	hydromagmatic	deposits	
(Anguita,	Márquez,	Castiñeiras,	&	Hernán,	2002),	fissures	and	small‐
size	monogenetic	centers	(Karátson,	Yepes,	Favalli,	Rodríguez‐Peces,	
&	Fornaciai,	2016),	with	more	 recent	activity	 limited	 to	 the	north‐
northeast	of	the	island	(Rodriguez‐Gonzalez	et	al.,	2012).
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2.2 | Sample collection and sample selection

Representative	geographical	sampling	for	the	Gran	Canarian	species	
of	the	L. tessellatus	complex	was	achieved	by	complementing	the	10	
sampling	sites	of	Faria	et	al.	(2016)	with	samples	from	11	new	sites.	
For	 each	 taxonomic	 species	 an	 average	 of	 three	 individuals	 from	
each	sampling	site	were	sequenced	for	a	region	of	the	mitochondrial	
COII	gene.	This	was	done	to	identify	potential	sites	of	sympatry	for	
the	two	divergent	mtDNA	clades	described	by	Faria	et	al.	(2016)	and	
García‐Olivares	et	al.	(2017),	facilitating	direct	testing	of	their	asso‐
ciation	with	species	boundaries.	DNA	was	extracted	using	a	Chelex	
extraction	protocol	(Casquet,	Thebaud,	&	Gillespie,	2012)	using	two	
hind	legs.	PCR	amplifications	were	performed	using	conditions	de‐
scribed	 in	Faria	et	al.	 (2016)	and	sequenced	with	 the	Sanger	DNA	
sequencing	service	of	Macrogen	 (www.macro	gen.com).	Sequences	
were	edited	with	geneious	R10.2.2	 (http://genei	ous.com,	Kearse	et	
al.,	2012)	and	aligned	with	sequences	from	Faria	et	al.	(2016)	using	
mafft	6.814	(Katoh,	Misawa,	Kuma,	&	Miyata,	2002).	A	Bayesian	tree	
was	 then	 constructed	using	MrBayes	 3.2.6	 (Ronquist	 et	 al.,	 2012),	
applying	the	same	parameters	described	in	Faria	et	al.	(2016).	Four	
analyses	were	performed,	each	with	100	million	generations	using	
four	Markov	chain	Monte	Carlo	(MCMC)	chains,	and	sampling	trees	
every	1,000	generations,	using	L. vicinus	as	an	outgroup.	tracer 1.6 
(Rambaut,	 Drummond,	 Xie,	 Baele,	 &	 Suchard,	 2018)	 was	 used	 to	
confirm	that	the	average	standard	deviation	of	split	frequencies	was	
below	0.01	at	the	completion	of	the	analysis;	and	to	verify	that	ef‐
fective	sample	size	(ESS)	values	were	above	200.	Trees	were	visual‐
ized	in	figtree	1.4.2	(Rambaut	&	Drummond,	2014).

2.3 | RAD‐seq library preparation

For	 each	 taxonomic	 species	 two	 individuals	 from	 each	 sampling	
site	 were	 selected	 for	 RAD‐sequencing.	 Based	 on	 the	 results	 of	
the	mtDNA	 sequencing,	 several	 additional	 samples	were	 included	
to	represent	divergent	mtDNA	lineages	sampled	in	sympatry.	DNA	
extractions	 were	 performed	 using	 the	 Qiagen	 DNeasy	 Blood	 &	
Tissue	 kit	 following	 the	manufacturer's	 instructions.	A	 total	 of	 51	
individuals	 from	 the	 L. tessellatus	 complex	 were	 analysed	 follow‐
ing	modifications	of	 the	protocol	of	Mastretta‐Yanes	et	al.	 (2015).	
Full	details	of	the	protocol	are	included	in	Appendix	S1.	After	DNA	
extraction,	digestion	was	performed	using	the	enzymes	EcoRI	and	

MseI.	 Individuals	 from	Gran	Canaria	were	 analysed	 together	with	
a	total	of	224	individuals	representing	the	remaining	species	of	the	
complex	from	the	western	islands	of	the	archipelago.	In	the	light	of	
complex	 patterns	 of	 mtDNA	 relatedness	 among	 individuals	 from	
Gran	Canaria	 and	other	 islands	 (Faria	et	 al.,	 2016;	García‐Olivares	
et	al.,	2017),	non‐Gran	Canaria	samples	were	used	to	first	assess	re‐
latedness	among	individuals	of	the	complex	from	Gran	Canaria	and	
other	 islands.	A	 total	of	48	 samples	 (including	11	 individuals	 from	
Gran	Canaria,	four	replicates	and	two	negative	controls)	were	first	
sequenced,	 randomly	assigning	samples	 to	one	of	 two	sequencing	
indexes	 (ddRAD	 libraries	 hereafter).	 Both	 ddRAD	 libraries	 were	
pooled	at	equimolar	ratios	and	size	selected	for	fragments	between	
200–250	 bp,	 and	 then	 sequenced	 using	 single‐end	 reads	 (100	 bp	
long)	in	a	single	lane	of	an	Illumina	HiSeq2500	(Lausanne	Genomic	
Technologies	 Facility,	 University	 of	 Lausanne,	 Switzerland).	 Based	
upon	the	mean	depth	from	these	first	 two	 libraries,	a	 further	234	
individuals	were	sequenced	across	three	lanes	(78	individuals,	plus	
1	replicate	and	1	negative	control).	Samples	within	each	lane	were	
randomly	assigned	to	one	of	four	libraries	for	each	(3	libraries	with	
24	samples,	1	library	with	8	samples).

2.4 | Bioinformatic and population genomic analysis

RAD‐seq	 data	 were	 demultiplexed,	 quality	 filtered	 and	 de	 novo	
clustered	using	 ipyrad	0.7.19	 (Eaton	&	Overcast,	2016).	Only	reads	
with	unambiguous	barcodes	and	fewer	than	five	 low	quality	bases	
(Phred	quality	score	<	20),	were	retained,	and	a	strict	filter	was	ap‐
plied	to	remove	Illumina	adapter	contaminants.	A	first	analysis	was	
undertaken	with	 all	 273	 individuals	 to	 assess	 patterns	 of	 related‐
ness	among	individuals	of	the	complex	from	Gran	Canaria	and	other	
islands.	 For	 this	 analysis,	 parameters	 were	 arbitrarily	 set	 to	 the	
following	 values:	 clust_threshold	 (the	 sequence	 similarity	 thresh‐
old)	=	0.87,	max_SNPs_locus	(the	maximum	number	of	SNPs	allowed	
in	 a	 locus)	 =	 20,	 and	min_samples_locus	 (the	minimum	number	 of	
samples	 that	must	have	data	 at	 a	 given	 locus	 for	 that	 locus	 to	be	
retained	 in	the	final	data	set)	=	60%,	with	all	 remaining	parameter	
values	set	to	their	default	values.

To	identify	optimal	parameter	values	for	the	analysis	of	individ‐
uals	from	Gran	Canaria,	a	range	of	parameter	values	were	explored	
for	clust_threshold	(0.85,	0.87,	0.90	and	0.93),	max_SNPs_locus	(5,	
10,	15,	20,	40)	and	min_samples_locus	(40%,	60%,	80%	and	90%),	

F I G U R E  3  An	insular	topoclimate	model	for	Quaternary	diversification	(ITQD).	(a)	A	simplified	island	model	is	shown	in	the	left	panel,	
where	topography	is	marked	by	erosional	activity	and	the	formation	of	valleys.	Hypothetical	species	distributions	are	depicted	as	polygons	
representing	range	limits	during	glacial	and	interglacial	climate	conditions.	Yellow	represents	interglacial	conditions,	when	sea	levels	are	
at	their	lowest	and	global	climate	conditions	at	their	coolest.	Green	represents	range	limits	during	warmer	interglacial	conditions,	with	
overlap	between	glacial	and	interglacial	ranges	denote	with	an	intermediate	colour.	The	right	panel	represents	isolation	by	bioclimate	across	
valleys	at	different	altitudes.	In	this	example,	a	species	with	favourable	climate	associated	with	valley	floors	experiences	reduced	isolation	
by	environment	at	higher	elevations	where	the	amplitude	of	topographic	separation	among	valleys	is	reduced.	(b)	Two	potential	outcomes	
of	glacial‐scale	climate	change	for	two	species	(purple	and	red)	distributed	in	different	valleys	during	glacial	climate	conditions	(top	panel).	
During	the	transition	from	glacial	to	interglacial	climate	conditions,	rising	sea‐level	and	upward‐shifted	climate	zones	result	in	upslope	shifts	
in	the	distribution	limits	of	both	species,	with	contact	and	admixture	in	high	elevation	areas	of	low	topographic	complexity	(middle	panel).	As	
climate	transitions	back	to	glacial	conditions,	species	range	limits	shift	downslope,	potentially	facilitating	the	colonization	of	a	new	valley	by	
parental	species	(bottom	panel,	left),	or	even	by	new	admixed	populations	(bottom	panel,	right)

http://www.macrogen.com
http://geneious.com
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with	all	remaining	parameter	values	set	to	their	default	values,	yield‐
ing	a	total	of	80	different	combinations.	Outputs	from	each	analysis	
were	processed	using	vcftools	 (Danecek	et	 al.,	 2011)	 to	 calculate:	
(a)	 total	number	of	 loci,	 (b)	 the	distribution	of	SNPs	across	 loci,	 (c)	
mean	 depth,	 and	 (d)	missing	 data.	 Results	 from	 the	 80	 parameter	
combinations	were	used	 to	evaluate	 the	effect	of	each	parameter	
on	the	number	of	loci	recovered	as	(a)	the	parameter	value	varies	in	
a	background	of	fixed	values	for	other	parameters	and	(b)	as	other	
parameter	values	are	varied	while	the	parameter	of	interest	remains	
constant.	These	observations	were	then	used	to	(a)	identify	and	ex‐
clude	parameter	values	that	 indicate	assembly	problems,	and	then	
(b)	identify	parameter	combinations	that	yield	a	high	number	of	loci.

We	then	evaluated	the	congruence	of	signal	between	the	param‐
eter	combination	yielding	the	highest	number	of	loci,	which	we	refer	
to	as	a	“relaxed”	combination,	and	the	most	“conservative”	parameter	
combination.	To	evaluate	congruence	between	both	parameter	com‐
binations	we	used	principal	 component	 analysis	 (PCA)	 to	describe	
the	existence	of	groups	of	 individuals	 and	 sNMF	cross‐entropy	 to	
compare	the	number	of	inferred	ancestral	populations,	and	individ‐
ual	ancestry	coefficients.	PCA	analyses	were	performed	using	ade-
genet	2.1.0	package	(Jombart	&	Ahmed,	2011)	and	sNMF	using	the	
lea	package	(Eric	Frichot,	François,	&	O'Meara,	2015)	 in	R	3.4.2	 (R	
Core	Team	2013).	The	sNMF	algorithm	provides	least‐squares	esti‐
mates	of	ancestry	proportions	to	infer	individual	ancestry	and	pop‐
ulation	clustering	(Frichot,	Mathieu,	Trouillon,	Bouchard,	&	Francois,	
2014).	 To	 obtain	 the	 best‐fit	 number	 of	 ancestral	 populations	 (K)	
within	Gran	Canaria,	K	values	from	1–10	were	evaluated	with	1,000	
replicates	per	K,	using	a	cross‐entropy	criterion	to	identify	the	best	
fit	value	of	K.	Congruence	between	relaxed	and	conservative	param‐
eter	combinations	was	accepted	if	the	same	groups	are	represented	
by	PCA,	and	the	same	number	and	composition	of	ancestral	popula‐
tions	were	inferred	by	sNMF.	In	the	absence	of	congruence	stricter	
parameter	combinations	were	evaluated	until	congruence	with	the	
relaxed	parameter	combinations	was	obtained.	Upon	identifying	an	
appropriate	parameter	combination,	replicate	samples	were	used	to	
estimate	genotyping	error	(Mastretta‐Yanes	et	al.,	2015).

2.5 | Species delimitation

The	Bayes	factor	delimitation	(BFD)	approach	(Leache,	Fujita,	Minin,	
&	Bouckaert,	 2014)	was	 implemented	 to	 evaluate	 competing	 spe‐
cies	delimitation	hypotheses,	derived	from	taxonomy	and	RAD‐seq	
data,	 using	 snapp	 (Bryant,	 Bouckaert,	 Felsenstein,	 Rosenberg,	 &	
RoyChoudhury,	2012).	This	approach	uses	an	explicit	multispecies	
coalescent	 (MSC)	 framework	 to	 calculate	 and	 compare	 marginal	
likelihood	 estimates	 (MLE)	 for	 alternative	 species	 delimitation	 hy‐
potheses.	While	snapp	is	able	to	accommodate	lineage	sorting,	it	as‐
sumes	that	there	is	no	gene	flow	between	taxa	(Bryant	et	al.,	2012).	
Thus,	 prior	 to	 the	 BFD	 analyses	 individuals	 with	 more	 than	 10%	
assignment	to	an	alternative	ancestral	population	were	considered	
admixed	(Jombart	&	Collins,	2015)	and	removed	from	the	data	set.	
These	 individuals	were	subsequently	assessed	for	potential	hybrid	
origin	(see	following	section).	A	path	sampling	analysis	with	14	steps	

and	an	a‐value	of	0.3	with	100,000	MCMC	generations	and	a	pre	
burn‐in	of	10%	was	used.

2.6 | Evaluating admixed individuals

Individuals	 identified	 as	 being	 of	 presumed	 admixed	 origin	 from	
sNMF	 and	 PCA	 analyses	 were	 further	 assessed	 using	 hybridlab 
(Nielsen,	Bach,	&	Kotlicki,	2006).	The	data	 set	was	 filtered	using	
vcftools,	to	generate	data	sets	comprising	individuals	of	presumed	
admixed	origin	and	their	inferred	parental	populations.	The	set	of	
recovered	loci	was	then	filtered	for	those	loci	presenting	an	FST	es‐
timate	falling	between	0.8	and	1.0	between	parental	populations.	
Selected	loci	were	then	used	to	simulate	the	following	crosses:	F1,	
F1	backcross	with	parent	1,	F1	backcross	to	parent	2,	F2.	Simulated	
genotypes	 were	 then	 plotted	 to	 represent	 ancestry	 assignment	
and	heterozygosity,	 together	with	 estimates	 for	 parental	 and	 in‐
dividuals	of	presumed	admixed	origin,	using	the	graphics	package	
in R 3.4.2.

2.7 | Landscape patterns of genomic 
similarity and demography

To	explore	patterns	of	genetic	distance	among	sampling	sites	within	
species	inferred	with	BFD,	the	Neighbor‐Net	algorithm	in	splitstree 
4.14.5	 (Huson	&	 Bryant,	 2006)	was	 used	 to	 summarize	 individual	
genomic	relatedness,	sampling	a	single	SNP	from	each	 locus.	Edge	
weights	from	splits	graphs	provide	a	measure	of	relatedness	among	
nodes,	facilitating	their	use	as	a	proxy	of	genetic	connectivity	when	
nodes	 represent	 sampling	 sites	 and	 graphs	 are	 constructed	 from	
multiple	genetic	loci.	By	analysing	a	smaller	number	of	more	related	
individuals	within	species,	more	 loci	are	expected	to	be	recovered	
in	the	assembly	process.	Thus,	to	optimize	the	recovery	of	informa‐
tive	 loci,	 individual	 species	 were	 processed	 with	 ipyrad	 using	 the	
previously	 identified	 optimal	 parameter	 combination.	 To	 quantify	
differences	in	genetic	distance	among	sampling	sites,	100	bootstrap	
replicates	were	sampled	 from	empirical	SNP	matrices	and	used	 to	
generate	bootstrapped	distributions	for	edge	weights,	which	were	
corrected	by	geographic	distance.	Transformed	edge	weights	were	
then	used	to	generate	mean	bootstrapped	edge	weights	and	to	test	
for	 significant	differences	between	pairs	of	 sampling	 sites	using	 a	
non‐parametric	Kruskal–Wallis	test	followed	by	a	Nemenyi‐test	for	
multiple	comparisons	of	(mean)	rank	sums	of	independent	samples;	
both	tests	were	performed	in	R	3.4.2	(R	Core	Team	2013).

To	 test	 for	 signatures	 of	 recent	 demographic	 expansion	 under	
the	assumption	of	selective	neutrality,	we	used	Tajima's	D	 (Tajima,	
1989)	and	Fu	and	Liʼs	D	 (Fu	&	Li,	1993)	neutrality	tests	conducted	
in DnaSP	6	(Rozas	et	al.,	2017),	using	all	SNPs.	While	some	loci	may	
be	under	selection,	it	is	not	unreasonable	to	assume	that	the	great	
majority	 are	 behaving	 neutrally.	 Significantly	 negative	 values	 for	
Tajima's	D	and	Fu	and	Li's	D	point	to	an	excess	of	rare	polymorphisms	
in	a	given	population,	which	can	be	an	indication	of	a	recent	increase	
in	population	size.	In	contrast,	significantly	positive	values	indicate	a	
recent	population	contraction.
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2.8 | Landscape resistance analyses and isolation 
by distance

In	order	 to	make	mechanistic	 inferences	about	what	 factor(s)	could	
best	explain	geographic	patterns	of	genetic	structure	within	the	L. tes-
sellatus	complex,	we	tested	among	alternative	hypotheses,	including	
isolation	by	distance,	 topographic‐mediated	 isolation,	 and	historical	
(glacial)	and	recent	(interglacial)	climate‐driven	isolation.	To	do	this	we	
used	the	R	package	ResistanceGA	4.0	(Peterman,	2018)	which	both	
optimizes	and	selects	resistance	surfaces	to	optimally	fit	genetic	data.	
This	approach	circumvents	typical	issues	such	as	spatial	autocorrela‐
tion	and	high	dimensionality	 that	 resistance	surfaces	can	have,	and	
subjectivity	in	assigning	resistance	values	(Peterman,	2018;	Peterman,	
Connette,	Keitt,	&	Shah,	2014).	Pairwise	genomic	distances	between	
individuals,	estimated	following	the	approach	proposed	by	Petkova,	
Novembre,	and	Stephens	 (2015),	were	used	as	 the	dependent	vari‐
able,	while	scaled	and	centred	circuit	resistance	distance	matrices	be‐
tween	individuals	were	used	as	independent	variables.	Analyses	were	
applied	to	inferred	species	and	admixed	individuals	assigned	to	them	
(see	 population	 genomic	 analyses).	 For	 each	 species	 analysed,	 two	
data	treatments	were	used:	the	first	treatment	included	all	individu‐
als,	while	the	second	treatment	excluded	admixed	individuals.

To	calculate	pairwise	resistance	distances	between	 individuals,	
we	used	the	random‐walk	commute	time	algorithm	(function	“com‐
muteDistance”	 in	 “gdistance”),	 a	 genetic	 algorithm	 to	maximize	 fit	
of	resistance	surfaces	similar	to	circuitscape	(McRae,	2006;	McRae,	
Dickson,	 Keitt,	 &	 Shah,	 2008).	 We	 used	 the	 wrapper	 function	
“all_comb”	in	ResistanceGA	to	implement	single‐surface	and	multi‐
ple‐surface	optimization,	followed	by	a	bootstrapping	step.	For	the	
multiple‐surface	optimization,	we	simultaneously	combined	two	or	
three	resistance	surfaces	to	optimize	and	create	a	novel	composite	
resistance	surface.	Mixed	models	were	 fitted	using	 the	maximum‐
likelihood	population	effects	(MLPE)	parameterization	implemented	
in	the	R	package	lme4	(Bates,	Maechler,	Bolker,	&	Walker,	2014),	as	
proposed	in	Peterman	(2018)	and	Peterman	et	al.	(2014).

We	 assessed	 the	 influence	 of	 eight	 climatic	 and	 topographic	
variables	on	genomic	relatedness	among	individuals.	These	variables	
are	expected	to	have	some	functional	relationship	to	water	stress	or	
geographic	isolation,	and	include	(a)	contemporary	mean	annual	pre‐
cipitation;	(b)	mean	annual	precipitation	at	the	Last	Glacial	Maximum	
(LGM);	 (c)	 contemporary	 mean	 annual	 temperature;	 (d)	 mean	 an‐
nual	temperature	at	the	LGM	(Karger	et	al.,	2017);	(e)	a	digital	eleva‐
tion	model	(DEM;	Danielson	&	Gesch,	2011);	and	three	topographic	
indexes	estimated	from	the	DEM	layer	in	SAGA	QGIS,	including	(f)	
position	index	(TPI),	(g)	ruggedness	index	(TRI)	and	(h)	wetness	index	
(TWI).	TPI	 is	a	measure	which	compares	the	elevation	of	each	cell	
with	the	mean	elevation	of	a	specified	neighbourhood	around	that	
cell,	TRI	describes	the	amount	of	elevation	difference	between	adja‐
cent	cells	of	a	digital	elevation	grid,	and	TWI	quantifies	topographic	
control	on	hydrological	processes.	All	layers	had	a	spatial	resolution	
of	1	km	×	1	km.	 In	addition	 to	 the	climatic	and	 topographic	 resis‐
tance	surfaces,	we	assessed	Euclidean	distance	alone	 (isolation	by	
distance)	as	well	as	an	intercept	only	null	model.

3  | RESULTS

3.1 | Bioinformatic analyses

In	contrast	with	the	mtDNA	results	of	Faria	et	al.	 (2016)	and	García‐
Olivares	et	al.	(2017),	nuclear	genomic	data	revealed	a	simpler	pattern	
of	 relatedness	 between	 individuals	 from	Gran	Canaria	 and	 other	 is‐
lands.	A	preliminary	PCA	using	all	275	individuals	from	across	all	islands	
(Figure	S2.1	in	Appendix	S2)	revealed	individuals	from	Gran	Canaria	to	
form	a	cluster,	being	clearly	distinct	from	other	islands.	Thus,	for	subse‐
quent	analyses	only	individuals	from	Gran	Canaria	were	analysed.	From	
this	data	set	two	individuals	were	removed,	one	with	a	low	number	of	
reads	and	the	other	due	to	a	high	level	of	missing	data	(more	than	30%).

A	total	of	178.37	million	reads	were	sequenced	for	the	data	set	
from	Gran	Canaria,	of	which	169.85	million	reads	passed	the	quality	
filtering	 steps	of	 ipyrad.	Per	 sample	an	average	of	3.46	 (±1.58	SD)	
million	reads	were	recovered.	Results	from	the	optimization	step	are	
summarized	 in	Figure	S2.2	 in	Appendix	S2.	Lower	values	 for	min_
samples_locus	 resulted	 in	 the	 recovery	of	more	 loci	across	 the	80	
parameter	combinations	explored	within	ipyrad	for	genotype	assem‐
bly.	However,	a	trend	towards	a	decreasing	number	of	recovered	loci	
was	observed	at	values	of	40%	and	60%	as	the	value	of	clust_thresh‐
old	was	reduced,	at	a	given	value	for	max_SNPs_locus,	being	more	
pronounced	 for	 lower	 values	 of	max_SNPs_locus.	 This	 counterin‐
tuitive	 trend	suggests	 that	at	 lower	values	 for	min_samples_locus,	
divergent	alleles	may	be	excluded	during	clustering,	allowing	for	the	
partial	assembly	of	 loci	across	a	subset	of	 individuals	presenting	a	
subset	of	less	divergent	alleles.	Thus,	while	lower	values	of	min_sam‐
ples_locus	may	be	appealing	for	the	larger	number	of	loci	they	can	
potentially	retrieve,	we	chose	to	avoid	such	parameter	combinations	
(i.e.	those	with	min_samples_locus	of	40%	and	60%)	due	to	concerns	
that	they	may	increase	genotyping	error.	In	contrast,	the	number	of	
recovered	loci	increased	as	clust_threshold	was	reduced	for	values	
of	80%	and	90%	for	min_samples_locus,	consistent	with	the	expec‐
tation	that,	for	a	given	value	of	max_SNPs_locus,	as	clust_threshold	
is	decreased,	loci	with	more	divergent	alleles	are	assembled.

From	 the	 remainder	 of	 the	 sensitivity	 analyses	 including	min_
samples_locus	=	80%	or	90%,	 the	parameter	combination	yielding	
the	highest	number	of	 loci	was	as	 follows:	clust_threshold	=	0.85,	
max_SNPs_locus	 =	 40,	min_samples_locus	 =	 80%,	 yielding	 a	 total	
of	4,576	(±228.14	SD)	loci	per	sample,	with	11.12%	of	missing	data.	
In	contrast	with	this	relaxed	parameter	combination,	the	most	con‐
servative	 parameter	 combination	 (clust_threshold	 =	 0.93,	 max_
SNPs_locus	=	5,	min_sample_locus	=	90%)	yielded	an	average	of	512	
(±19.98	SD)	loci	per	sample	with	4.84%	of	missing	data.	Locus	and	al‐
lele	error	rates	were	calculated	using	the	sample	replicate	approach	
of	Mastretta‐Yanes	et	al.	(2015)	for	the	relaxed	parameter	combina‐
tion	revealing	error	rates	of	0.029	and	0.002,	respectively.

3.2 | Population genomic analyses

A	 comparison	 of	 inferences	 derived	 from	 both	 the	 sNMF	 and	
PCA	 analyses	 for	 both	 the	 relaxed	 and	 conservative	 parameter	
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F I G U R E  4  Ancestry	assignment	and	individual	clustering	in	the	Laparocerus tessellatus	complex	using	genotypes	derived	from	assembly	
with	the	relaxed	parameter	combination.	(a)	sNMF	assignment	of	individual	ancestry	to	ancestral	populations	A,	B,	C	and	D.	Individuals	
are	grouped	with	respect	to	PCA	clustering	(see	4b).	(b)	Principal	component	analysis	(PCA)	of	multilocus	genotypes	for	individuals.	Each	
point	represents	one	individual,	with	colours	corresponding	to	inferences	of	ancestry	assignment	with	sNMF	in	(a).	Individuals	inferred	to	
be	of	mixed	ancestry	with	sNMF	(more	than	10%	of	the	genome	inferred	to	be	from	a	second	ancestral	population)	are	represented	with	a	
coloured	dot	representing	the	minor	representation	genome.	(c)	Sampling	sites	are	represented	by	circles	and	are	colour	coded	with	respect	
to	probable	genomic	clusters	identified	by	PCA	(b).	Black	lines	indicate	sampling	sites	when	more	than	one	genomic	cluster	was	sampled	
at	a	site.	All	sampling	sites	are	represented	in	the	central	map.	Sampled	distributions	of	each	of	the	four	species	inferred	by	Bayes	factor	
delimitation	are	shown	using	3D	digital	terrain	models,	with	orientation	relative	to	the	central	map	indicated	with	coloured	arrows.	Sites	
with	admixed	individuals	are	represented	on	the	terrain	model	of	the	parental	species	with	the	higher	contribution	to	the	admixed	genome

(a)

(c)

(b)
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combinations	for	genotype	assembly	in	ipyrad	revealed	congruence.	
The	cross‐entropy	criterion	identified	four	ancestral	populations	for	
both	 the	 relaxed	 (Figure	 4a)	 and	 conservative	 (Figure	 S2.3a)	 data	
sets,	 with	 consistent	 individual	 assignments	 inferred	 across	 both	
analyses.	 The	 relaxed	 parameter	 combination	 described	 six	 PCA	
groups	with	all	but	two	groups	(G4	and	G5)	showing	clear	separation	
(Figure	4b).	Genotype	data	assembled	from	the	conservative	param‐
eter	combination	described	four	PCA	groups	(Figure	S2.3b),	three	of	
which	are	described	in	Figure	4b	(G1,	G2,	G3),	with	the	fourth	com‐
prising	the	remaining	groups	in	Figure	4b	(G4,	G5,	G6).	Comparing	
inferences	from	the	sNMF	ancestry	coefficients	and	PCA	analysis	
(Figure	4),	there	is	clear	correspondence	between	both.	PCA	groups	
G1,	G3	and	G4	are	exclusively	comprised	of	all	individuals	assigned	
with	 high	 probability	 (>90%;	 see	 Table	 S2.1)	 to	 ancestral	 popula‐
tions	A,	B	and	C,	respectively.	PCA	group	G6	includes	all	individuals	
assigned	with	high	ancestry	to	ancestral	population	D,	but	also	in‐
cludes	four	individuals	with	from	13%	to	23%	assignment	to	ances‐
tral	population	C	(Table	S2.1).	The	single	individual	comprising	PCA	
group	G2	is	estimated	to	have	shared	ancestry	between	populations	
A	and	B,	consistent	with	its	intermediate	position	between	G1	and	
G3	 in	 the	PCA.	Finally,	PCA	group	G5	comprises	eight	 individuals	
with	shared	ancestry	between	populations	C	and	D,	consistent	with	
the	 intermediate	 location	of	G5	between	G4	 and	G6	 in	 the	PCA.	
Laparocerus osorio	 was	 the	 only	 taxonomically	 described	 species	
where	 all	 individuals	 were	 assigned	 to	 a	 single	 nuclear	 genomic	
population	(A),	to	which	no	individuals	from	other	taxonomic	spe‐
cies	were	assigned.	All	but	one	individual	of	L. osorio	was	assigned	
with	high	probability	to	population	A	(PCA	group	G1),	with	the	single	
exception	also	being	assigned	with	33%	probability	to	population	B	
(PCA	group	G2).	The	remaining	taxonomic	species	did	not	segregate	
with	nuclear	data,	with	species	either	assigned	to	multiple	popula‐
tions,	or	to	populations	to	which	other	species	were	also	assigned,	
or	both	 (Table	S2.1).	No	correspondence	was	 found	between	pat‐
terns	of	nuclear	genotype	relatedness	and	the	two	mtDNA	lineages	
described	 by	 Faria	 et	 al.	 (2016)	 and	García‐Olivares	 et	 al.	 (2017),	
with	 sympatric	 divergent	mtDNA	 lineages	 associating	with	 highly	
related	nuclear	genotypes.

3.3 | Species delimitation

We	 identified	 seven	 initial	 competing	 species	 hypotheses	 derived	
from	 taxonomy	 and	 the	 population	 genomic	 analyses	 of	RAD‐seq	
data	(Table	1).	All	samples	from	PCA	groups	G2	and	G5,	as	well	as	
four	individuals	from	G6	were	removed	from	the	data	set	for	snapp 
analyses	because	they	presented	signatures	of	admixture	(i.e.	more	
than	10%	assignment	to	a	second	ancestral	population).	Removing	
these	 individuals	 reduced	 the	 final	 number	 of	 competing	 species	
hypotheses	 to	 four	 (Table	 1).	 Bayes	 factor	 delimitation	 revealed	
highest	support	for	hypothesis	3	(Table	1),	in	which	four	species	are	
hypothesized	(Figure	4c)	based	on	sNMF	and	PCA	separation	of	the	
four	inferred	ancestral	gene	pools.	The	correspondences	of	inferred	
species	with	respect	to	the	sNMF	ancestral	populations	(Figure	4a)	
and	 PCA	 groups	 (Figure	 4b)	 are	 as	 follows:	 LaptessGC	 sp.	 A	 (G1),	

LaptessGC	sp.	B	(G3),	LaptessGC	sp.	C	(G4)	and	LaptessGC	sp.	D	(G6	
without	admixed	individuals).

3.4 | Admixture

Two	cases	of	presumed	admixture	were	identified.	In	the	first	case	a	
single	 individual	comprising	G2	(Figure	4a)	was	 inferred	to	be	of	ad‐
mixed	origin	between	LaptessGC	sp.	A	and	LaptessGC	sp.	B.	A	total	of	
777	loci	were	identified	as	yielding	an	FST	between	0.8	and	1	between	
LaptessGC	sp.	A	and	LaptessGC	sp.	B,	providing	strong	diagnosability	
for	first	generation,	second	generation,	or	an	older	hybrid	origin	using	
hybridlab	 (Figure	5a).	These	results	clearly	 identify	 the	G2	 individual	
as	being	derived	from	an	older	admixture	event	between	LaptessGC	
sp.	A	and	LaptessGC	sp.	B.	While	 the	data	does	not	allow	us	to	say	
how	far	back	in	the	past,	the	fact	that	only	one	of	the	parental	spe‐
cies	(LaptessGC	sp.	A)	was	sampled	together	with	G2	suggests	ancient	
rather	than	recent	admixture.	The	sympatric	sampling	of	G2	together	
with	both	LaptessGC	sp.	A	and	LaptessGC	sp.	C	(Figure	4c),	with	no	sig‐
nature	of	introgression,	is	consistent	with	reproductive	isolation,	and	
thus	potential	species	status	for	G2.	However,	further	sampling	will	be	
required	to	more	rigorously	assess	the	extent	to	which	historical	ad‐
mixture	between	two	morphologically	distinct	species,	taxonomically	
assigned	to	the	larger	L. osorio	and	the	smaller	L. tirajana,	has	given	rise	
to	a	new	species	that	is	morphologically	cryptic	with	regard	to	L. osorio.

In	 the	 second	 case	 of	 inferred	 admixture,	 12	 individuals	were	
inferred	 to	 be	 of	 admixed	 origin	 between	 LaptessGC	 sp.	 C	 and	
LaptessGC	 sp.	 D.	 The	 limited	 genetic	 differentiation	 between	
LaptessGC	sp.	C	and	LaptessGC	sp.	D	resulted	in	only	26	loci	with	an	
FST	between	0.8	and	1,	providing	only	 limited	diagnosability	of	ex‐
pected	first	and	second‐generation	hybrid	crosses	(Figure	5b).	All	12	
individuals	were	identified	as	derived	from	admixture	older	than	F1,	
with	several	 individuals	providing	strong	signatures	of	an	admixed	
origin	going	back	multiple	generations.	It	is	interesting	to	note	that	
individuals	from	the	same	sampling	site	tend	to	share	similar	values	
of	heterozygosity	and	ancestry.	This,	together	with	PCA	inferences	
that	relatedness	among	admixed	individuals	is	geographically	struc‐
tured	 (Figure	S2.4),	 and	 the	absence	of	parental	 genotypes	within	
any	of	the	six	sites	with	admixed	individuals,	suggests	one	or	more	
admixture	events	of	some	antiquity.

3.5 | Genomic distance and demographic signal

Of	 the	 four	 species	 inferred	 by	 BFD	 in	 snapp,	 LaptessGC	 sp.	 A	
and	 LaptessGC	 sp.	 B	 present	 geographically	 proximate	 distribu‐
tions	 down	 the	 northern	 slopes	 of	 the	 island,	 with	 each	 show‐
ing	 greater	 separation	 among	 populations	 along	 an	 altitudinal	
axis	 relative	 to	 a	 radial	 axis	 (Figure	 4c).	 LaptessGC	 sp.	 D	 has	 a	
narrow	distribution	at	higher	altitudes	of	 the	southern	slopes	of	
the	island	(Figure	4c).	The	species	with	the	broadest	distribution	
is	LaptessGC	sp.	C	 (Figure	4c).	With	a	northern	slope	range	that	
overlaps	 with	 LaptessGC	 sp.	 A,	 and	 further	 populations	 across	
the	 eastern	 slopes	of	 the	 island,	 LaptessGC	 sp.	C	 allows	 for	 the	
testing	of	higher	genetic	 connectivity	 along	altitudinal	 transects	
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compared	 to	 radial	 transects.	 A	 splitstree	 representation	 of	 re‐
latedness	within	LaptessGC	sp.	C	 reveals	high	separation	among	
individuals,	 but	 lower	 genetic	 distance	 among	 individuals	 from	
the	same	sampling	site,	with	the	exception	of	sites	C08	and	C09,	
separated	by	a	distance	of	<700	m	(Figure	6a).	However,	at	a	spa‐
tial	separation	from	C08	and	C09	of	c.	1.3	km,	the	two	individu‐
als	 from	C10	 are	 clearly	 differentiated	 (Figure	 6a).	Distributions	
of	bootstrapped	edge	lengths	were	generated	from	a	data	matrix	
representing	each	site	with	a	single	individual,	collapsing	C08	and	
C09	 into	 a	 single	 site.	Distributions	were	 then	used	 to	 calculate	
mean	edge	weight	between	sites	capturing	range	limits,	showing	
that	values	of	genetic	distance	were	significantly	lower	along	alti‐
tudinal	than	across	radial	transects	(Figure	6b).	Tajima's	D and Fu 
and	Li's	D	were	non‐significantly	negative	(p	>	.10)	in	all	cases,	with	
the	 exception	 of	 LaptessGC	 sp.	 D,	 which	 was	 non‐significantly	
positive	(Table	2).

3.6 | Landscape resistance analyses

Landscape	 resistance	 analyses	 for	 LaptessGC	 sp.	 A	 identified	
genomic	relatedness	among	individuals	to	be	best	explained	by	ei‐
ther	geographic	distance	or	a	null	model,	while	for	LaptessGC	sp.	B	

geographic	distance	was	identified	as	the	model	of	best	fit	(Table	3).	
In	contrast,	for	LaptessGC	sp.	C	and	LaptessGC	sp.	D,	both	of	which	
presented	 individuals	 of	 admixed	 origin	with	 the	 other	 species	 at	
higher	 elevations,	 genomic	 relatedness	 among	 individuals	 within	
each	species	was	best	explained	by	a	single	optimal	model	derived	
from	 landscape	 variation	 for	 annual	 precipitation	 during	 the	 LGM	
(Table	 3).	 Landscape	 variation	 for	 annual	 precipitation	 during	 the	
LGM	continued	to	be	the	single	optimal	model	for	LaptessGC	sp.	C	
even	when	admixed	individuals	were	excluded,	while	for	LaptessGC	
sp.	D	individual	relatedness	after	removing	admixed	individuals	was	
best	explained	by	a	null	model	 (Table	3),	although	with	a	very	 low	
R2	value.	Importantly,	for	all	three	analyses	of	LaptessGC	sp.	C	and	
LaptessGC	sp.	D	where	 landscape	variation	 in	precipitation	during	
the	LGM	best	explained	genomic	 relatedness	among	 individuals,	a	
model	derived	from	geographic	distance	was	a	substantially	poorer	
fit,	as	measured	by	ΔAICc	(Table	3).

4  | DISCUSSION

While	the	interaction	between	topography	and	climate	across	glacial	
cycles	has	been	recognized	as	a	driver	of	diversification	in	continental	

TA B L E  1  Bayes	factor	delimitation.	Results	of	the	Bayes	factor	delimitation	analyses	to	test	for	the	best	support	among	competing	
species	delimitation	hypotheses	(H)	within	the	Laparocerus tessellatus	complex	in	Gran	Canaria.	Initial	hypotheses	are	refined	to	final	
hypotheses	after	the	exclusion	of	admixed	individuals.	For	each	model,	the	marginal	likelihood	estimate	(MLE),	Bayes	factor	(BF)	and	rank	
are	shown.	The	best	fit	model	is	highlighted	in	bold

Initial hypotheses Motivation Groups Final hypotheses MLE BF Rank

Ha Two	major	morphological	
groups

(G1,	G2)
(G3,	G4,	G5,	G6)

H1	two	species
(G1)
(G3,	G4,	G6)

−39,818.0 2,206.3 4

Hb Three	groups	described	by	
PC1	(PCA	with	conservative	
parameters)

(G1)
(G2)
(G3,	G4,	G5,	G6)

Hc Four	taxonomic	species	(L. 
osorio, L.microphthalmus, L. 
obsitus, L. tirajana)

(G1,	G2)
(G4)
(G5)
(G3,	G4,	G5,	G6)

H2	three	species
(G1)
(G4)
(G3,	G4,	G6)

−40,357.0 2,745.3 3

Hd Five groups described by 
PC1 and PC2 (PCA with 
conservative parameters)

(G1)
(G2)
(G3)
(G4, G5)
(G6)

H3 four species
(G1)
(G3)
(G4)
(G6)

−37,611.7 – 1

He Six groups described by PC1 
and PC2 (PCA with relaxed 
parameters)

(G1)
(G2)
(G3)
(G4)
(G5)
(G6)

Hf Four groups described by 
sNMF (both conservative 
and relaxed parameter 
combinations)

(G1, G2)
(G3)
(G4, G5)
(G6)

Hg Four	groups	described	by	
PC1	(PCA	with	relaxed	
parameters)

(G1)
(G2)
(G3)
(G4,	G5,	G6)

H4	three	species
(G1)
(G3)
(G4,	G6)

−38,221.1 609.3 2
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settings	and	among	islands,	its	potential	role	as	a	driver	of	speciation	
within	islands	has	been	overlooked.	Here	we	have	presented	a	con‐
ceptual	model	for	species	distribution	responses	to	the	changing	ge‐
ography	of	local	climate,	an	insular	topoclimate	model	for	Quaternary	
diversification	(ITQD),	as	glacial‐scale	climate	change	plays	out	over	
topographically	complex	island	landscapes.	Using	the	radially	eroded	
conical	 landscape	of	Gran	Canaria,	our	 results	provide	support	 for	
the	ITQD	model,	revealing	a	complex	demographic	history	involving	
isolation,	secondary	contact	and	admixture.	Signatures	of	admixture	
were	 associated	 with	 higher	 elevations,	 contrasting	 with	 an	 asso‐
ciation	 of	 purer	 parental	 genomes	 at	 lower	 elevations,	 supporting	
prediction	one.	Higher	genetic	connectivity	among	individuals	sepa‐
rated	along	an	altitudinal	axis	compared	to	radial	separation	provides	
support	 for	prediction	 two,	while	prediction	 three	 is	unsupported,	
with	no	significant	signatures	for	recent	demographic	expansion.

4.1 | Admixture

Our	 results	 reveal	 two	 clear	 cases	 of	 admixture,	 one	 of	 which	 is	
largely	characterized	by	higher	altitudes	in	the	centre	of	the	island,	
from	1,406	to	1,813	m	above	current	sea	level	(m.a.c.s.l.),	involving	
the	parental	species	LaptessGC	sp.	C	and	LaptessGC	sp.	D	that	were	
sampled	at	lower	altitudes,	from	708	to	1,507	m.a.c.s.l.	(Figure	4a).	
Specifically,	LaptessGC	sp.	C	is	restricted	to	the	northern	and	east‐
ern	slopes	of	Gran	Canaria,	while	LaptessGC	sp.	D	 is	 restricted	to	

southern	 slopes.	 To	 explain	 population	 purity	 at	 lower	 elevations	
with	admixture	at	higher	elevations	requires	that	the	distribution	of	
either	one	or	both	 species	has	moved	upslope	 facilitating	 contact	
and	 admixture.	 This	 is	 consistent	with	 expectations	 following	 the	
LGM,	 where	 warming	 temperatures	 would	 have	 acted	 to	 enforce	
upslope	 shifts	 in	 species	 ranges	 (Fernández‐Palacios	 et	 al.,	 2016).	
Thus,	 the	 geography	 of	 admixture	 between	 LaptessGC	 sp.	 C	 and	
LaptessGC	sp.	D	is	consistent	with	a	topoclimatic	model.

Individuals	derived	from	admixture	between	LaptessGC	sp.	C	
and	 LaptessGC	 sp.	D	were	 also	 sampled	 from	 two	 further	 sites,	
C06	and	C07	(Figure	2).	These	two	sites	fall	outside	the	combined	
sampled	 ranges	 of	 LaptessGC	 sp.	 C	 and	 LaptessGC	 sp.	D,	 being	
associated	 with	 the	 north‐western	 Tamadaba	 massif,	 where	 al‐
titude	 rises	 again	 from	 approximately	 1,000	m.a.c.s.l.	 to	 exceed	
1,400	 m.a.c.s.l.	 This	 regional	 topographic	 anomaly	 raises	 three	
possible	explanations.	The	first	is	that	there	may	be	geographically	
close	but	unsampled	pure	parental	populations	 in	 the	Tamadaba	
region,	consistent	with	recent	(i.e.	post	LGM)	admixture.	The	sec‐
ond	possible	explanation	is	that	parental	populations	isolated	lo‐
cally	during	the	LGM	fully	introgressed,	which	is	again	consistent	
with	post	LGM	admixture.	A	third	possible	explanation	is	that	ad‐
mixture	occurred	prior	to	the	LGM.	Consistent	with	an	older	ori‐
gin	for	the	admixture	of	these	populations	is	(a)	their	more	distant	
relatedness	to	the	parental	populations	 in	the	PCA	(Figure	S2.4),	
and	(b)	their	morphological	differentiation	from	other	individuals	

F I G U R E  5  Hybrid	genome	simulations.	Diagnostic	loci	from	parental	species	are	used	to	simulate	expected	genotypes	for	F1	and	
F2	hybrids,	as	well	as	F1	backcrosses	with	parental	species.	Sampling	sites	are	indicated	for	admixed	individuals	(see	Figure	2).	(a)	High	
diagnosability	of	different	hybrid	classes	clearly	identifies	an	individual	derived	from	admixture	between	LaptessGC	sp.	A	and	LaptessGC	
sp.	B	as	not	being	of	recent	hybrid	origin.	(b)	Despite	limited	diagnosability,	all	individuals	derived	from	admixture	between	LaptessGC	sp.	C	
and	LaptessGC	sp.	D	are	inferred	to	be	older	than	F1	hybrids,	and	a	smaller	number	can	be	diagnosed	as	being	older	than	second	generation	
hybrids
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derived	from	admixture	between	LaptessGC	sp.	C	and	LaptessGC	
sp.	D.	Individuals	from	C06	and	C07	are	taxonomically	described	
as	L. microphthalmus,	with	the	remaining	admixed	individuals	from	
C14–C17	being	taxonomically	assigned	to	L. tirajana.	To	consider	a	
dynamic	under	which	genomic	admixture	might	both	arise	during	
interglacial	 climatic	 conditions	 and	 persist	 through	 interglacial	
conditions,	 it	 is	 informative	 to	draw	comparison	with	population	
genetic	 expectations	 over	 glacial	 time‐scales	 within	 continental	
settings.

4.2 | Admixture and persistence

There	 is	 a	 rich	 literature	 on	 species	 demographic	 responses	 to	
Quaternary	 climate	 change,	 particularly	 within	 palearctic	 settings	

(e.g.	Hewitt,	2000,	2004),	with	much	empirical	data	demonstrating	
a	dynamic	where	populations	 restricted	to	southern	refugial	areas	
during	glacial	 periods	expand	and	extend	 their	distributions	north	
as	 interglacial	conditions	unfold.	Similar	to	our	 insular	topoclimatic	
model,	 such	 range	 expansions	 create	 the	 potential	 for	 secondary	
contact	and	hybridization,	with	many	empirical	examples	of	hybrid	
zones	that	have	formed	as	a	direct	consequence	of	change	in	climate	
since	the	LGM	(e.g.	Hewitt,	2000,	2004).	In	a	palearctic	setting,	such	
hybrid	zones,	and	 their	genomic	consequences,	are	 transient.	This	
transiency	is	a	function	of	the	typically	vast	distances	between	hy‐
brid	zones	and	refugial	areas,	separated	by	typically	shallow	eleva‐
tional	gradients.	In	the	same	way	that	post	glacial	northward	range	
expansions	from	glacial	refugia	were	typically	rapid	(Hewitt,	2000,	
2004),	so	were	southward	contractions	driven	by	the	onset	of	glacial	
conditions,	 eliminating	novel	 genomic	 variation	 from	admixture	 as	
population	extinction	tracked	south.

In	an	insular	setting,	the	scale	of	range	size	change	from	glacial	
to	interglacial	conditions	will	be	moderated	by	topography,	whereby	
latitudinal	 and	 longitudinal	 changes	 are	 dampened	 by	 compensa‐
tory	altitudinal	shifts.	It	is	this	expectation	for	more	limited	change	
in	the	spatial	dimensions	of	range	size	across	glacial	climate	cycles,	
together	with	 the	 potentially	 high	 topographic	 complexity	within	
which	 these	 limited	 range	 changes	may	 occur,	 that	may	 facilitate	
the	 persistence	 of	 novel	 admixed	 genomic	 variation	 across	 gla‐
cial	 cycles.	 Under	 a	 conceptual	 model	 where	 favourable	 habi‐
tat	 downslope	 from	 admixed	populations	 is	 occupied	 by	 parental	
populations,	extinction	of	admixed	genomic	variation	would	seem	

F I G U R E  6  Altitudinal	versus	radial	genomic	relatedness.	(a)	Neighbour‐Net	phylogenetic	network	summarizing	genomic	relatedness	
among	individuals	from	LaptessGC	sp.	C.	Individuals	highlighted	in	pink	represent	sampling	sites	that	capture	altitudinal	and	radial	limits	
of	the	distribution	and	were	used	to	estimate	genomic	distance.	(b)	Mean	edge	weights	calculated	from	100	bootstrapped	data	sets	were	
used	to	estimate	genomic	distance	per	kilometre	among	sampling	sites.	Genomic	distance	between	C01	and	C10	(9.1E‐4	±	3.9.1E‐4)	is	
significantly	lower	(p	<	0.05	based	on	a	Nemenyi	test	for	multiple	comparisons)	than	between	C10	and	C11	(4.1E‐3	±	1.0E‐3)	and	C11	and	
C13	(1.5E‐3	±	5.9E‐4)

TA B L E  2  Neutrality	tests.	Neutrality	tests	for	the	hypothesized	
species	(see	Table	1)	in	the	Laparocerus tessellatus	complex	in	
Gran	Canaria	(genomic	clusters	identified	in	the	PCA	analyses	are	
provided	in	brackets).	All	values	for	Tajima's	D	and	Fu	and	Liʼs	D are 
statistically	non‐significant	(p	>	.10)

Genomic clusters Tajima's D Fu and Li's D

LaptessGC	sp.	A	(G1) −0.515 −0.291

LaptessGC	sp.	B	(G3) 0.112 0.108

LaptessGC	sp.	C	(G4) −1.594 −1.846

LaptessGC	sp.	D	(G6) −0.728 −0.450
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probable,	due	to	priority	effects	(Alford	&	Wilbur,	1985).	However,	
under	a	model	where	favourable	downslope	habitat	is	unoccupied,	
and	generation‐scale	climate	change	across	latitudinal	and	longitu‐
dinal	axes	are	less	than	dispersal	distance,	descendants	of	admixed	
origin	may	potentially	 track	climate	change	and	habitat	 suitability	
downslope	 (Figure	3).	Under	such	a	dynamic,	 the	fate	of	admixed	
genomic	variation	from	the	four	high	altitude	sampling	sites	of	C14	
to	C17	(Figure	2),	under	a	future	climate	cooling	scenario	with	the	
next	glacial	event,	need	not	necessarily	be	one	of	extinction.

Admixed	 genomes	 sampled	 between	 the	 ranges	 of	 LaptessGC	
sp.	C	and	LaptessGC	sp.	D	span	a	geographic	distance	of	c. 7 km. 
Although	we	cannot	definitively	exclude	that	all	favourable	habitat	

downslope	 of	 the	 admixed	 range	 is	 populated	 by	 parental	 geno‐
types,	it	is	improbable	given	the	results	of	historical	sampling	efforts	
(AMC,	 unpublished	 data).	 Thus,	 there	 is	 potential	 for	 downslope	
movement	of	admixed	genomes,	and	 their	 survival	 through	glacial	
maxima,	providing	a	plausible	mechanistic	explanation	for	geograph‐
ically	disjunct	populations	of	admixed	genomes,	such	as	those	from	
the	westernmost	sampling	sites	(C06	and	C07).

4.3 | Admixture, persistence and speciation

It	 has	 recently	 been	 noted	 that	 admixture	 between	 divergent	 ge‐
nomes	 could	 be	 a	 consequential	 process	 for	 insular	 speciation,	

Species Variable AICc ΔAICc R2
m R2

c

LaptessGC	sp.	A DIST −88.86 0.00 0.31 0.33

NULL −88.61 0.24 0.00 0.00

TRI −51.02 37.83 0.41 0.41

TWI −50.04 38.82 0.36 0.36

TPI −49.60 39.25 0.34 0.34

LaptessGC	sp.	A	without	
admixed	individuals

NULL −97.85 0.00 0.00 0.92

DIST −97.52 0.33 0.01 0.94

TRI −76.90 20.95 0.02 0.94

TPI −76.80 21.05 0.02 0.94

P‐CT −76.78 21.06 0.02 0.94

LaptessGC	sp.	B DIST −56.19 0.00 0.56 0.88

NULL −42.60 13.60 0.00 0.15

TPI −30.71 25.48 0.84 0.96

TWI −25.14 31.05 0.80 0.95

T‐LGM −19.90 36.29 0.58 0.93

LaptessGC	sp.	C P‐LGM −1,802.08 0.00 0.67 0.89

DEM −1,699.34 102.74 0.56 0.90

T‐LGM −1,690.64 111.44 0.54 0.91

T‐CT −1,689.18 112.90 0.54 0.91

TWI −1,667.65 134.43 0.43 0.82

LaptessGC	sp.	C	without	
admixed	individuals

P‐LGM −834.78 0.00 0.53 0.88

P‐CT −823.65 11.13 0.50 0.82

DEM −822.12 12.66 0.47 0.87

TWI −820.30 14.48 0.41 0.85

P‐LGM −834.78 0.00 0.53 0.88

LaptessGC	sp.	D P‐LGM −339.60 0.00 0.68 0.89

TPI −318.52 21.07 0.52 0.82

DIST −301.47 38.12 0.17 0.74

TRI −299.70 39.90 0.29 0.77

TWI −297.60 41.99 0.29 0.78

LaptessGC	sp.	D	without	
admixed	individuals

NULL −136.93 0.00 0.00 0.66

DIST −133.74 3.18 0.02 0.67

TWI −118.00 18.93 0.55 0.65

P‐LGM −114.32 22.60 0.05 0.69

DEM −114.13 22.79 0.07 0.63

TA B L E  3  Resistance	analysis.	Model	
rankings	for	landscape	resistance	
variables	tested	against	individual	
genomic	relatedness	for	LaptessGC	
sp.	A,	LaptessGC	sp.	B,	LaptessGC	sp.	
C	and	LaptessGC	sp.	D,	both	with	and	
without	admixed	individuals	included.	
Only	the	five	highest	ranking	models	
are	presented	in	each	case,	with	models	
identified	as	being	optimal	(ΔAICc 
ranges	between	0–2)	highlighted	in	bold.	
R2m	=	marginal	R2 value; R2c	=	conditional	
R2	value;	DIST	=	Euclidean	distance,	
NULL	=	null	model,	P‐LGM	=	mean	annual	
precipitation	at	Last	Glacial	Maximum,	
(LGM)	P‐CT	=	contemporary	mean	annual	
precipitation,	T‐LGM	=	mean	annual	
temperature	at	LGM,	T‐CT	=	mean	annual	
temperature	at	current	time,	DEM	=	digital	
elevation	model,	TWI	=	topographic	
wetness	index,	TPI	=	topographic	position	
index,	TRI	=	topographic	ruggedness	index
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potentially	 catalysing	 adaptive	 change	 and	 speciation	 (Emerson	 &	
Faria,	2014),	and	the	more	prevalent	dynamic	underpinning	genomic	
admixture	has	been	secondary	contact	arising	from	sequential	coloni‐
zation	of	the	same	island	by	the	same	source	species	(e.g.	Faria	et	al.,	
2016;	Garrick	et	al.,	2014;	Jordal	et	al.,	2006;	Nietlisbach	et	al.,	2013;	
Shaw,	2002).	To	our	knowledge,	our	results	are	the	first	compelling	
evidence	of	genomic	admixture	within	an	island,	without	colonization.	
Aside	from	the	adaptive	implications	of	admixture	(Emerson	&	Faria,	
2014),	neutral	processes	of	drift	and	recombination	within	admixed	
gene	pools	may	also	 facilitate	 speciation	 through	 the	generation	of	
haplotypes	and	gene	combinations	that	are	incompatible	with	those	
of	parental	populations	(Abbott	et	al.,	2013).	Thus,	the	persistence	of	
admixed	gene	pools	through	time	may	contribute	to	both	neutral	and	
adaptive	speciation.

The	 long‐term	 fate	 of	 the	 admixed	 gene	 pools	 between	
LaptessGC	sp.	C	and	LaptessGC	sp.	D	can	only	be	speculated	upon.	
Although	there	is	tentative	support	for	the	admixed	gene	pools	of	the	
geographically	disjunct	populations	of	C06	and	C07	having	persisted	
through	 the	 LGM,	 the	 longer	 term	 consequences	of	 this,	 in	 terms	
of	island	community	assembly,	are	unclear.	Fortuitously	the	second	
admixture	event	that	our	analyses	uncovered,	involving	the	parental	
species	LaptessGC	sp.	A	and	LaptessGC	sp.	B,	provides	some	addi‐
tional	insight	into	community	assembly	consequences	of	admixture.	
The	two	parental	species	present	similar	distribution	ranges	 in	the	
northern	 slopes	 of	 the	 island,	with	 our	 sampling	 suggesting	 them	
to	be	allopatric	at	the	 local	scale	(Figure	4c).	A	strong	signature	of	
admixture	between	both	parental	genomes	was	revealed	within	an	
individual	sampled	at	site	C04.	The	sympatry	of	the	admixed	individ‐
ual	together	with	one	of	the	parental	species,	LaptessGC	sp.	A,	and	
a	non‐parental	species,	LaptessGC	sp.	C,	suggests	that	this	admixed	
individual	may	belong	to	a	fifth	putative	biological	species,	highlight‐
ing	the	potential	for	long‐term	persistence	of	admixed	genomes,	and	
their	role	in	the	origin	of	new	species.	However,	further	sampling	of	
admixed	 individuals	derived	 from	LaptessGC	sp.	A	and	LaptessGC	
sp.	B	is	required	for	a	more	robust	inference.

4.4 | Changing Quaternary bioclimate landscapes as 
drivers of population isolation and contact

The	 ITQD	 model	 makes	 the	 general	 prediction	 that	 connectivity	
between	valleys	within	 a	 conically	 shaped	 island	 is	 enhanced	dur‐
ing	interglacial	conditions,	as	favourable	climate	is	pushed	upslope,	
where	topographic	heterogeneity,	and	thus	environmental	distance,	
is	reduced	among	populations.	In	contrast,	connectivity	within	val‐
leys	would	remain	relatively	unchanged	between	both	glacial	and	in‐
terglacial	conditions,	with	the	model	making	the	general	prediction	
that	range	limits	should	shift	upslope.	The	species	LaptessGC	sp.	C,	
which	shows	the	broadest	geographic	distribution,	revealed	higher	
genetic	 connectivity	 among	 sites	 distributed	 along	 an	 altitudinal	
transect	compared	to	populations	separated	radially	around	the	is‐
land.	These	results	are	consistent	with	the	prediction	from	the	ITQD	
model	that	changes	in	climate	throughout	the	Quaternary	would	re‐
sult	 in	higher	potential	bioclimate	connectivity	within	valleys	 than	

among	valleys.	Indeed,	topographic	positions,	such	as	valley	bottoms	
and	basins,	have	been	highlighted	as	ideal	environments	for	micro‐
refugia	during	Pleistocene	glacial	cycles	(Dobrowski,	2011).

Landscape	resistance	analyses	to	test	among	mechanistic	mod‐
els	 for	 spatial	 structuring	 of	 genomic	 variation	 revealed	 evidence	
for	geographic	variation	of	annual	precipitation	during	the	LGM	ex‐
plaining	 contemporary	 geographic	 patterns	 of	 individual	 genomic	
relatedness.	Admixed	individuals	assigned	to	either	LaptessGC	sp.	C	
or	LaptessGC	sp.	D	were	sampled	from	higher	elevation	areas	char‐
acterized	 by	 high	 precipitation	 during	 the	 LGM.	 This	 is	 consistent	
with	 the	 origin	 of	 admixed	 individuals	 by	 upslope	movement,	 and	
eventual	secondary	contact	of	parental	species	in	response	to	less	
humid	conditions	upslope	as	glacial	conditions	transitioned	to	inter‐
glacial.	Phenological	data	for	Laparocerus	suggests	that	reduced	lev‐
els	of	precipitation	at	higher	altitudes	are	likely	to	have	contributed	
to	this	dynamic	together	with	increased	temperature.	Adult	activity	
of	Laparocerus	species	is	typically	concentrated	in	the	more	humid	
winter	 months.	 The	 few	 species	 whose	 maximum	 numbers	 shift	
to	 spring	 or	 early	 summer	 are	 notably	 found	 at	 higher	 elevations,	
where	low	winter	temperatures	are	suggested	to	be	a	limiting	factor	
(Machado	&	Aguiar,	2005).

None	of	 the	 four	species	analysed	presented	significant	sup‐
port	 for	 recent	 demographic	 expansion	 from	 a	 bottleneck,	 al‐
though	 seven	 of	 eight	 analyses	 presented	 values	 suggestive	 of	
expansion.	These	results	perhaps	highlight	the	complexity	of	de‐
mographic	prediction	within	an	insular	geographic	context.	In	the	
absence	 of	 a	 detailed	 understanding	 of	 probable	 species	 ranges	
during	glacial	climate	conditions,	it	may	be	that	simple	predictions	
of	demographic	expansion	are	unrealistic.	Upslope	shifts	in	distri‐
bution	limits	may	entail	only	limited	increases	in	overall	population	
size,	compared	to	latitudinal	range	expansions	in	continental	set‐
tings.	An	additional	complication	 is	that	higher	altitudes	are	pre‐
cisely	 those	 areas	 where	 signatures	 for	 demographic	 expansion	
are	 expected	 to	 be	 strongest.	 However,	 estimation	 of	 any	 such	
signal	would	be	further	complicated	by	the	existence	of	admixture	
at	 higher	 altitudes,	 and	 the	 necessary	 removal	 of	 such	 admixed	
individuals	from	demographic	analyses,	as	was	the	case	for	two	of	
our	four	species.

5  | CONCLUSIONS

Our	 topoclimatic	model	 for	 insular	diversification	places	emphasis	
on	 the	 role	 of	 topography	 and	 changes	 in	 climate	 throughout	 the	
Quaternary	 for	 the	process	of	diversification	within	 islands.	Using	
RAD‐seq	data	for	a	beetle	taxon	with	low‐dispersal	ability	and	affin‐
ity	for	areas	of	higher	humidity	within	the	pluviseasonal	bioclimate	
of	Gran	Canaria,	we	found	general	support	for	the	ITQD	model,	with	
evidence	for	isolation	and	admixture	consistent	with	expectations	as	
climate	transitions	between	glacial	and	interglacial	conditions.	With	
regard	 to	 the	generality	of	our	model,	 it	 is	 likely	 to	be	 less	conse‐
quential	within	islands	that	present	little	topographic	complexity,	or	
for	species	that	are	highly	dispersive,	or	with	broad	environmental	
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tolerances.	However,	 as	 topographic	 complexity	 increases,	 and	 as	
species	 traits	 tend	 towards	 low	 dispersal	 ability	 and	 limited	 envi‐
ronmental	tolerances,	we	suggest	the	ITQD	model	will	be	a	useful	
framework	for	interpreting	patterns	of	genomic	relatedness	across	
insular	landscapes.
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