
Ecology and Evolution. 2017;1–21.	 		 	 | 	1www.ecolevol.org

 

Received:	18	August	2017  |  Revised:	3	September	2017  |  Accepted:	4	September	2017
DOI:	10.1002/ece3.3487

O R I G I N A L  R E S E A R C H

Conservation implications for dingoes from the maternal and 
paternal genome: Multiple populations, dog introgression, and 
demography

Kylie M. Cairns1  | Sarah K. Brown2 | Benjamin N. Sacks2,3 | J. William O. Ballard1

This	is	an	open	access	article	under	the	terms	of	the	Creative	Commons	Attribution	License,	which	permits	use,	distribution	and	reproduction	in	any	medium,	
provided	the	original	work	is	properly	cited.
© 2017 The Authors. Ecology and Evolution	published	by	John	Wiley	&	Sons	Ltd.

1School	of	Biotechnology	and	Biomolecular	
Sciences,	University	of	New	South	Wales,	
Sydney,	NSW,	Australia
2Mammalian	Ecology	and	Conservation	
Unit,	Veterinary	Genetics	Laboratory,	School	
of	Veterinary	Medicine,	University	of	
California,	Davis,	CA,	USA
3Department	of	Population,	Health	
and	Reproduction,	School	of	Veterinary	
Medicine,	University	of	California,	Davis,	CA,	
USA

Correspondence
Kylie	M.	Cairns,	School	of	Biological,	Earth	and	
Environmental	Sciences,	University	of	New	
South	Wales,	Sydney,	NSW,	Australia.
Email:	kylie@kyliecairns.com

Funding information
The	Hermon	Slade	Foundation	(HSF11/6)

Abstract
It	is	increasingly	common	for	apex	predators	to	face	a	multitude	of	complex	conserva-
tion	issues.	In	Australia,	dingoes	are	the	mainland	apex	predator	and	play	an	important	
role	in	ecological	functioning.	Currently,	however,	they	are	threatened	by	hybridiza-
tion	 with	 modern	 domestic	 dogs	 in	 the	 wild.	 As	 a	 consequence,	 we	 explore	 how	
	increasing	 our	 understanding	 of	 the	 evolutionary	 history	 of	 dingoes	 can	 inform	 
management	and	conservation	decisions.	Previous	research	on	whole	mitochondrial	
genome	and	nuclear	data	from	five	geographical	populations	showed	evidence	of	two	
distinct	 lineages	of	dingo.	Here,	we	present	data	 from	a	broader	survey	of	dingoes	
around	Australia	using	both	mitochondrial	and	Y	chromosome	markers	and	investigate	
the	timing	of	demographic	expansions.	Biogeographic	data	corroborate	the	presence	
of	at	least	two	geographically	subdivided	genetic	populations,	southeastern	and	north-
western.	Demographic	modeling	 suggests	 that	 dingoes	have	undergone	population	
expansion	in	the	last	5,000	years.	 It	 is	not	clear	whether	this	stems	from	expansion	
into	vacant	niches	after	the	extinction	of	thylacines	on	the	mainland	or	indicates	the	
arrival	date	of	dingoes.	Male	dispersal	is	much	more	common	than	female,	evidenced	
by	more	diffuse	Y	haplogroup	distributions.	There	is	also	evidence	of	likely	historical	
male	 biased	 introgression	 from	 domestic	 dogs	 into	 dingoes,	 predominately	 within	
southeastern	Australia.	These	findings	have	critical	practical	implications	for	the	man-
agement	and	conservation	of	dingoes	in	Australia;	particularly	a	focus	must	be	placed	
upon	the	threatened	southeastern	dingo	population.
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1  | INTRODUCTION

The	effect	of	 removing	 large	socially	complex	apex	consumers	such	
as	whales,	 big	 cats,	 bears,	wolves,	 and	 dingoes	 from	 ecosystems	 is	
poorly	documented	(Estes	et	al.,	2011).	Apex	predators	are	in		decline,	
globally,	 which	 has	 lead	 to	 and	 threatens	 continuing	 impacts	 to	

entire	ecosystems	 (Estes	et	al.,	 2011;	Morris	&	Letnic,	2017;	Ripple	
et	al.,	2014,	2016,	2017).	Estes	et	al.	 (2011)	suggest	that	worldwide	
large	apex	consumer	declines	can	cause	extensive	trophic	cascading,	 
exacerbated	by	agricultural	land	management,	widespread	habitat	deg-
radation,	pollution,	and	ultimately	climate	change.	On	the	Australian	
continent,	indigenous	apex	predators	went	extinct	thousands	of	years	
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ago,	 leaving	 the	 dingo	 as	 the	 sole	 remaining	 apex	 predator	 on	 the	
mainland.	As	 such,	 the	 dingo	 plays	 a	 central	 ecological	 role.	 Today,	
dingoes	are	threatened	by	extensive	lethal	control	programs,	habitat	
fragmentation,	and	genetic	dilution	from	hybridization	with	domestic	
dogs	(Stephens,	Wilton,	Fleming,	&	Berry,	2015).

In	 this	 study,	we	 explore	 the	 evolutionary	 history	 of	Australian	
dingoes	with	a	goal	of	informing	management	and	conservation	de-
cisions	(Figure	1).	Since	1788,	dingoes	have	been	subject	to	hybrid-
ization	pressure	from	modern	domestic	dogs	brought	by	Europeans,	
particularly	 in	regions	where	human	populations	are	high	(Stephens	
et	al.,	 2015).	 The	 observation	 of	 hybridization	 in	 species	 and	 pop-
ulations	 is	 an	 increasingly	 common	 conservation	 concern;	 well	
documented	 examples	 include	 bison,	 coyotes,	 wolves,	 wild	 cats,	
and	even	Galapagos	 tortoises	 (Garrick	et	al.,	2012;	Halbert	&	Derr,	
2007;	Hertwig	et	al.,	2009;	vonHoldt	et	al.,	2016;	Reich,	Wayne,	&	
Goldstein,	1999).

Historically,	 the	 dingo	 is	 thought	 to	 have	 arrived	 on	 mainland	
Australia	 approximately	 5,000	years	 before	 present	 (BP)	 (Gollan,	
1984;	Macintosh,	1975;	 Savolainen,	 Leitner,	Wilton,	Matisoo-	Smith,	
&	 Lundeberg,	 2004).	 The	 minimum	 arrival	 time	 of	 dingoes	 is	 ap-
proximately	 3,500	years	 BP	 based	 upon	 the	 oldest	 fossil	 observed	
in	 southern	Western	Australia	 (Macintosh,	 1964).	 The	 dingo	 is	 fre-
quently	 blamed	 for	 the	 thylacine	 extinction	 on	 mainland	 Australia	
2,000–3,000	years	BP	 (Fillios,	Crowther,	&	Letnic,	2012;	Johnson	&	
Wroe,	2003;	Letnic,	Fillios,	&	Crowther,	2012),	although	new	model-
ing	suggests	climate	change	and	human	population	growth	may	have	
played	a	more	significant	role	(Prowse,	Johnson,	Bradshaw,	&	Brook,	
2014).	 Dingoes	 and	 New	 Guinea	 Singing	 Dog	 (NGSD)	 likely	 came	
to	Oceania	with	 humans.	However,	 there	 is	 uncertainty	 concerning	
which	human	colonization	event	they	accompanied	and	whether	din-
goes	were	brought	directly	to	Australia	or	immigrated	via	the	prehis-
toric	 land	bridge	between	Papua	New	Guinea	and	Australia	prior	 to	
8,000	years	BP.	It	is	commonly	presumed	that	dingoes	were	brought	
to	Australia	5,000	years	ago	as	part	of	the	Neolithic	human	expansion	
(Sacks	et	al.,	2013;	Savolainen	et	al.,	2004).	However,	Fillios	and	Taçon	

(2016)	argue	that	the	Neolithic	people	are	unlikely	to	be	responsible	
for	the	arrival	of	the	dingo	because	Australia	lacks	key	Neolithic	cul-
tural indicators.

An	alternative	hypothesis	is	that	dingoes	and	NGSD	are	part	of	
an	 older	 dog	 radiation	 that	 immigrated	 into	Australia	 via	 the	 land	
bridge	 between	 Australia	 and	 Papua	 New	 Guinea,	 which	 flooded	
6,000–8,000	years	BP	(Cairns	&	Wilton,	2016).	Some	ethnographic	
evidence	supports	this	hypothesis,	for	example,	the	lack	of	Neolithic	
cultural	 items,	 such	 as	 chickens	 and	 pigs,	 in	 Australia	 prior	 to	
European	colonization	(Larson	et	al.,	2010;	Oskarsson	et	al.,	2011),	
lack	of	human	genetic	signatures	indicating	contact	between	South	
East	 Asia	 and	 Indigenous	 Australians	 (Brown,	 2013;	 Haak	 et	al.,	
2010;	van	Holst	Pellekaan,	2001,	2013;	Karafet	et	al.,	2005;	McEvoy	
et	al.,	 2010;	 Pugach,	 Delfin,	 Gunnarsdóttir,	 Kayser,	 &	 Stoneking,	
2013),	 and	 the	 finding	 that	 dingoes	 only	 carry	 the	 two	 ancestral	
Amylase	 gene	 copies,	 consistent	 with	 their	 having	 diverged	 from	
modern	domestic	 dogs	before	 the	 agricultural	 era	 (Arendt,	Cairns,	
Ballard,	Savolainen,	&	Axelsson,	2016;	Freedman	et	al.,	2014).	More	
recent	molecular	dating	efforts	based	on	mitochondrial	divergence	
time	 suggest	 that	 dingoes	 could	have	 arrived	 in	Australia	 approxi-
mately	8,000–10,000	years	BP	 (Cairns	&	Wilton,	2016;	Oskarsson	
et	al.,	2011).	Bayesian	skyline	modeling	may	help	inform	this	debate	
by	 testing	when	 dingoes	 underwent	 population	 expansion	 and/or	
contraction.

Knowledge	concerning	the	population	biology	of	dingoes	can	pro-
vide	insight	into	the	arrival	patterns	and	origin	of	this	enigmatic	ca-
nine,	which	may	have	important	conservation	implications.	In	2016,	
Cairns	and	Wilton	identified	the	presence	of	at	 least	two	dingo	lin-
eages,	southeastern	(SE)	and	northwestern	(NW),	in	Australia	with	a	
pattern	of	geographical	subdivision.	Early	studies	using	mitochondrial	
DNA	 were	 unable	 to	 elucidate	 continent-	wide	 biogeographic	 pat-
terns,	as	they	restricted	genetic	sampling	to	the	mitochondrial	control	
region	 (Oskarsson	 et	al.,	 2011;	 Savolainen	 et	al.,	 2004).	Y	 chromo-
some	studies	either	had	 samples	 from	mostly	Western	Australia	or	
mostly	eastern	Australia,	and	differences	in	genetic	marker	sampling	
made	 it	 difficult	 to	 compare	 datasets	 (Ardalan	 et	al.,	 2012;	 Sacks	
et	al.,	2013).

Ecological	theory	predicts	that	shifts	in	the	distribution	and	abun-
dance	of	apex	predators	and	herbivores	may	result	in	sizable	changes	
in	ecosystem	dynamics	(Fretwell,	1987;	Hairston,	Smith,	&	Slobodkin,	
1960).	In	Australia,	the	distribution	and	abundance	of	dingoes	is	in-
fluenced	by	historical	biogeography	as	well	as	current	hybridization	
with	dogs.	This	study	is	the	first	broad	biogeographic	survey	of	din-
goes	 utilizing	 both	mitochondrial	 and	Y	 chromosome	markers	 that	
aims	to	investigate	broad	patterns	of	biogeography	as	a	fundamental	
prerequisite	 for	 conservation	management.	Our	 data	 shed	 light	 on	
modern	and	historical	migration	and	dispersal	patterns	 in	male	and	
female	dingoes	on	a	continental	scale.	Bayesian	demographic	mod-
eling	 of	 the	 distinct	 dingo	 lineages	 suggests	 the	 populations	 may	
have	distinct	evolutionary	histories,	which	may	impact	on	conserva-
tion.	The	 research	has	practical	 implications	 for	dingo	conservation	
and	management	strategies	across	Australia,	particularly	concerning	
hybridization.

F IGURE  1 A	pair	of	typical	dingoes,	as	found	across	the	
Australian	mainland.	Dingoes	are	commonly	observed	with	ginger,	
white,	sable,	and	black	and	tan	pelage.	©	Photograph:	L.	Watson,	
Australian	Dingo	Foundation	(2017)
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2  | MATERIALS AND METHODS

2.1 | Canid sampling

In	 order	 to	 investigate	 biogeography,	 migration,	 male	 and	 female	
dispersal	patterns,	and	immigration	routes,	we	sampled	127	dingoes	
broadly	across	Australia	and	five	NGSD	from	the	North	American	cap-
tive	population	(Figure	2,	Table	1).	Five	of	the	dingoes	were	sampled	
from	the	captive	dingo	population.	We	also	incorporated	a	dataset	of	
Y	chromosome	and	mitochondrial	control	region	data	from	173	male	
dogs,	including	94	dingoes	and	18	NGSD	from	Sacks	et	al.	(2013).

Blood	 and/or	 tissue	 samples	 were	 collected,	 and	 all	 dingoes	
were	screened	for	genetic	purity,	using	a	microsatellite-	based	assay	
for	 domestic	 dog	 introgression	 (Wilton,	 2001;	Wilton,	 Steward,	 &	
Zafiris,	1999).	Only	pure	or	genetically	intact	dingoes	were	allocated	
to	this	research	project	(Stephens,	2011;	Wilton,	2001;	Wilton	et	al.,	
1999).

2.2 | Mitochondrial gene analysis

Mitochondrial	and	nuclear	phylogenetic	analyses	found	that	there	are	
at	least	two	dingo	lineages,	with	eight	diagnostic	mitochondrial	nucle-
otide	differences	between	them	(SE	and	NW,	Cairns	&	Wilton,	2016).	
Two	 mitochondrial	 DNA	 regions	 harboring	 diagnostic	 mutations	
and	the	mitochondrial	control	region	were	amplified	and	sequenced	
(Table	2).	The	two	diagnostic	regions	were	selected	as	they	contained	
three	of	the	eight	differences	between	the	SE	and	NW	mitochondrial	
lineages	 (Cairns	&	Wilton,	 2016).	Nonrandom	 genetic	 sampling	 has	
the	potential	 to	overestimate	 a	posteriori	 significance	 so	 care	must	
be	 taken	 in	 interpreting	 results.	 The	 regions	 selected	were	 676	bp	

(positions	 7,685–8,361	 including	 a	 region	 of	 ATP6	 and	 ATP8)	 and	
1,028	bp	(positions	14,098–15,126	including	a	region	of	cytochrome	
b)	 in	 length.	The	mitochondrial	control	region	 is	582	bp	(incorporat-
ing	nucleotide	positions	15,458–16,039	as	in	Savolainen	et	al.	(2004)).

Qiagen	DNeasy	 kits	 (Qiagen	 Sciences,	 Germantown,	 USA)	were	
used	to	extract	DNA,	and	mitochondrial	loci	were	amplified	using	PCR	
(Table	2).	Briefly,	PCR	reactions	were	carried	out	 in	25	μl containing 
water,	5×	Crimson	polymerase	buffer	(New	England	Biolabs	Inc.,	MA,	
USA),	1.5	mmol/L	of	MgCl2,	6.25	pmol	of	each	primer,	7.5	mmol/L	of	
dNTPs,	2.5	U	of	Taq	DNA	Polymerase	(New	England	Biolabs	Inc.,	MA,	
USA),	and	20–50	ng	of	DNA	template.	All	PCR	reactions	were	cycled	
using	 the	 following	 thermal	 profile:	 98°C	 for	 2	min,	 95°C	 for	 3	min	
(add	Taq	polymerase),	 then	95°C	 for	15	s,	52°C	 for	1	min,	65°C	 for	
1	min	for	10	cycles,	then	95°C	for	15	s,	52°C	for	1	min,	and	65°C	for	
1	min	(increase	time	by	5	s	each	cycle)	for	25	cycles	followed	by	65°C	
for	10	min.

Prior	 to	 sequencing,	 PCR	 amplicons	 underwent	 purification	 by	
ExoSAP-	IT®	 (USB	 Amersham,	 Buckinghamshire,	 UK).	 Purified	 tem-
plates	 underwent	 Sanger	 sequencing	 using	 standard	 BigDye	 termi-
nator	 v3.1	 (Applied	 Biosystems	 Inc.,	 Foster	 City,	 USA)	 technology.	
DNA	 sequence	 chromatograms	 were	 analyzed	 and	 aligned	 using	
Sequencher	5.1	(Gene	Codes	corp.,	Ann	Arbor,	USA).

2.3 | Y chromosome gene analysis

The	iPLEX	Sequenom	MassARRAY	system	(Sequenom	Inc.,	San	Diego,	
USA)	 was	 used	 to	 genotype	 29	 single	 nucleotide	 polymorphisms	
(SNPs)	from	the	nonrecombining	Y	chromosome	(NRY)	region	as	de-
scribed	in	Sacks	et	al.	(2013).	These	29	SNPs	form	a	panel	of	markers	
enabling	differentiation	between	most	observed	dog	Y	chromosome	
haplogroups	 (Ardalan	 et	al.,	 2012;	 Brown	 et	al.,	 2011;	 Ding	 et	al.,	
2011;	Natanaelsson	et	al.,	2006;	Sacks	et	al.,	2013).	As	in	Sacks	et	al.	
(2013),	we	use	H1	to	refer	to	H1*,	H2*,	and	H1	haplotypes.	Five	di-
nucleotide	repeat–single	tandem	repeats	(STR)	were	also	genotyped	
from	 the	NRY	 region:	650-79.2b,	650-79.3b,	990-35,	MS34CA,	 and	
MS41B	as	previously	described	(Brown	et	al.,	2011;	Sacks	et	al.,	2013).

2.4 | Neutrality tests

To	 investigate	 whether	 the	 genetic	 variation	 present	 within	 the	
mitochondrial	 genome	 departs	 from	 the	 expectations	 of	 neutral-
ity,	 Tajima’s	D,	 Fu	 and	 Li’s	F*,	 and	Fu	 and	 Li’s	D*	 (Fu,	 1997;	 Fu	&	
Li,	1993;	Tajima,	1989)	statistics	were	calculated	in	DnaSP	v	5.10.1	
(Librado	&	Rozas,	2009).	These	statistics	can	be	used	to	investigate	
the	presence	of	demographic	or	selective	pressures	acting	upon	the	
molecular	evolution	of	a	DNA	sequence.	Significantly	negative	val-
ues	indicate	population	expansion	and/or	purifying	selection,	whilst	
significantly	 positive	 values	 indicate	 balancing	 selection	 and/or	 a	
decrease	in	population	size.	Nonsignificant	values	indicate	that	the	
null	hypothesis	of	neutrality	cannot	be	rejected,	that	is,	no	indication	
of	 demographic	 or	 selective	 pressures.	 These	 neutrality	 statistics	
were	calculated	for	all	dingoes	and	then	specific	dingo	populations	
separately.

F IGURE  2 Map	depicting	geographic	sampling	of	dingoes	across	
Australia.	Crosses	represent	individual	samples.	New	Guinea	Singing	
Dogs	are	depicted	in	Papua	New	Guinea;	however,	samples	were	
sourced	from	the	North	American	captive	population
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2.5 | Biogeographic analyses

Median	spanning	networks	were	calculated	in	Networks	v4.6	(Bandelt,	
Forster,	&	Rohl,	 1999;	 Forster	 et	al.,	 2000)	 using	 the	mitochondrial	
diagnostic	 region,	mitochondrial	 control	 region,	 and	Y	 chromosome	
datasets.	As	in	Sacks	et	al.	(2013),	the	median-	joining	(MJ)	algorithm	
with	default	settings	was	used	(r	=	2,	ε	=	0).	Mitochondrial	networks	
were	 created	 for	 the	 concatenated	 diagnostic	 region	 and	 control	
region	 separately.	 Control	 region	 data	were	 analyzed	 separately	 to	
allow	incorporation	of	and	comparison	to	the	existing	dingo	control	
region	dataset	(Oskarsson	et	al.,	2011;	Sacks	et	al.,	2013;	Savolainen	
et	al.,	2004).	As	the	control	region	is	not	phylogenetically	informative	
in	dingoes,	it	was	not	included	in	the	mitochondrial	diagnostic	region	
analysis	 (Cairns	 &	 Wilton,	 2016).	 Mitochondrial	 networks	 are	 un-
rooted.	Y	chromosome	networks	were	calculated	using	concatenated	
SNP	 and	 STR	 data.	 Y	 chromosome	 SNPs	 and	 STRs	were	weighted	
as	described	by	Sacks	et	al.	 (2013).	Briefly,	STRs	were	weighted	as:	
650-79.2b	=	5,	650-79.3b	=	2,	990-35 = 9,	MS34CA	=	6,	MS41B	=	1,	
and	SNP	loci	=	90	(Brown	et	al.,	2011;	Sacks	et	al.,	2013).	Y	networks	
were drawn using our collected data and an additional dataset includ-
ing	112	Oceanic	samples	from	Sacks	et	al.	(2013).

To	 further	 investigate	 the	 relationship	 between	 the	 dingo	 and	
NGSD	(Cairns	&	Wilton,	2016),	we	ran	Bayesian	phylogenetic	analy-
ses	in	Beast	v1.7.5	(Drummond,	Suchard,	Xie,	&	Rambaut,	2012),	al-
lowing	us	 to	estimate	 the	posterior	probability	value	of	 the	 inferred	
relationship.	Cairns	and	Wilton	(2016)	found	that	the	posterior	prob-
ability	value	was	low	(0.4),	suggesting	uncertainty	regarding	the	posi-
tion	of	the	NGSD	lineage	within	dingoes.	The	Bayesian	analysis	was	
conducted	on	a	set	of	124	dingoes	plus	5	NGSD;	three	dingoes	were	
excluded	due	to	PCR	amplification	difficulties.	Bayesian	analyses	were	
run	in	Beast	v1.7.5	(Drummond,	Suchard,	Xie,	&	Rambaut,	2012)	under	
a	 skyline	 coalescent	 model	 with	 a	 strict	 clock,	 substitution	 rate	 of	
7.7027	×	10−8	mutations−1 site−1	year−1	with	a	standard	deviation	of	
5.4848	×	10−9	(Brown	&	Yang,	2011;	Cairns	&	Wilton,	2016).	All	runs	
were	optimized	for	MCMC	chain	steps	to	ensure	that	the	estimated	
sampling	size	of	all	variables	was	above	200	in	Tracer	1.5	(Rambaut	&	
Drummond,	2007).	We	sampled	every	5,000	steps	with	a	10%	burn-	in.	
The	resulting	maximum	clade	credibility	tree	was	midpoint	rooted.

The	 biogeographic	 distribution	 of	 each	 individual	 belonging	 to	
each	mitochondrial	 or	Y	 chromosome	 haplogroup	was	 then	 plotted	
onto	 maps	 using	 the	 maps	 package	 (Brownrigg,	 Minka,	 Becker,	 &	
Wilks,	2014)	in	R,	allowing	visualization	of	the	distribution	of	the	mito-
chondrial	and	Y	chromosome	lineages	across	Australia.	Simple	contin-
gency	table	analyses,	comparing	mitochondrial	lineage	(columns)	and	
Y	chromosome	haplogroup	(rows),	were	used	to	evaluate	whether	the	
distribution	of	Y	chromosome	haplogroups	between	the	mitochondrial	
lineages	was	nonrandom.

To	investigate	the	relationship	of	Y	chromosome	haplotypes	found	
in	dingoes	and	NGSD	with	those	found	in	Island	Southeast	Asia,	a	net-
work	was	calculated	based	upon	data	 from	173	dingoes,	20	NGSD,	
and	 79	 Southeast	 Asian	 dogs,	 incorporating	 our	 dingo	 and	 NGSD	
dataset	as	well	as	the	dataset	from	Sacks	et	al.	 (2013).	The	resulting	
network	was	color-	coded	relative	to	geographical	region.
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2.6 | Demographic analyses

To	investigate	historical	patterns	of	demographic	change	in	the	dingo,	
Bayesian	 skyline	 plots	 were	 constructed	 in	 Tracer	 1.5	 (Rambaut	 &	
Drummond,	2007).	Bayesian	analyses	were	carried	out	in	Beast	v1.7.4	
(Drummond	et	al.,	2012)	as	detailed	above.	Skyline	plots	were	con-
structed	based	upon	 the	combined	mitochondrial	DNA	dataset	 and	
each	mitochondrial	clade	separately.

3  | RESULTS

3.1 | Neutrality tests

Tajima’s	D	statistics	were	calculated	for	all	dingoes	as	grouped	by	mito-
chondrial	lineage	using	the	mitochondrial	diagnostic	region	(Table	3).	
Statistics	could	not	be	calculated	for	the	NGSD	as	all	individuals	car-
ried	the	same	mitochondrial	DNA	sequence.	The	NW	lineage	statis-
tics	were	found	to	be	significantly	negative,	indicating	the	presence	of	
purifying	selection	and/or	population	expansion.	Statistics	calculated	
for	the	SE	lineage	were	negative	but	not	significant.

3.2 | Biogeographic analyses

When	 ignoring	 indels,	 we	 observed	 12	 mitochondrial	 control	 re-
gion	(CR)	haplotypes	with	three	novel	CR	haplotypes	in	124	dingoes	
(three	dingoes	were	excluded	due	to	PCR	difficulties)	and	five	NGSD	
(Table	1).	The	novel	haplotypes	(din31,	din32,	and	din33)	were	found	
in	1–4	individuals	and	differed	by	1–2	nucleotide	substitutions	from	
A29.	One	dingo	carried	the	A9	haplotype	thought	to	have	arisen	 in	
dingoes	 independently	 from	dogs	 (Savolainen	et	al.,	 2004).	A	 single	
dingo	out	of	124	carried	A17,	a	CR	haplotype	hypothesized	to	be	in-
trogressed	from	domestic	dogs	(Savolainen	et	al.,	2004).	Incorporating	
all	the	CR	data	from	previously	published	studies	into	our	own	yielded	
a	star-	shaped	genetic	network	(Figure	3).

A	total	of	39	mitochondrial	diagnostic	region	haplotypes	were	ob-
served	 in	 124	dingoes	 and	5	NGSD	 (Table	1).	As	with	 the	CR	data,	
none	was	 consistent	with	 non-	dingo	 mitochondrial	 lineages.	 The	 5	
NGSD	all	 carried	 the	 same	haplotype.	The	mitochondrial	 diagnostic	
region	network	displays	a	more	interesting	pattern	consistent	with	the	
presence	of	two	mitochondrial	haplogroups,	SE	and	NW,	in	Australia	
(Figure	4).	 The	 genetic	 network	 also	 corroborated	 the	 close	 rela-
tionship	between	the	SE	 lineage	and	NGSD.	The	biogeographic	dis-
tribution	of	the	two	mitochondrial	haplogroups	across	Australia	was	
plotted,	 indicating	strong	geographic	subdivision	with	 limited	mixing	
between	the	two	populations	(Figure	5).	The	SE	mitochondrial	lineage	
was	restricted	to	Fraser	Island	and	the	southeastern	coastal	region	of	
Australia	(Queensland,	New	South	Wales,	Australian	Capital	Territory	
and	Victoria),	whilst	 the	NW	mitochondrial	 lineage	was	widespread	
from	Western	 Australia	 to	 northern/central	 Queensland	 and	 south	
into	South	Australia.	A	single	NW	mitochondrial	lineage	individual	was	
observed	within	the	Australian	Alpine	region.	Within	the	captive	dingo	
population	both	NW	and	SE	haplogroups	were	observed.	Captive	ani-
mals	were	not	plotted	on	the	map.

To	 further	 investigate	 the	 relationship	 between	 the	 dingo	 and	
NGSD,	a	Bayesian	analysis	was	conducted	on	 the	combined	sample	
of	129	animals.	This	 included	124	dingoes	and	five	NGSD	 (Table	1).	
This	analysis	corroborated	the	whole	mitochondrial	genome	Bayesian	
phylogenetic	analyses	suggesting	that	 the	NGSD	 is	more	closely	re-
lated	to	the	SE	dingo	lineage	than	the	NW	lineage	(Cairns	&	Wilton,	
2016),	with	an	 increased	posterior	probability	node	support	of	0.84	
(Figure	6).

We	 observed	 30	 Y	 chromosome	 haplotypes	 in	 our	 dataset	 of	
79	dingoes	and	two	NGSD	(Table	1).	Y	chromosome	network	anal-
ysis	 identified	 three	main	haplogroups	present	within	dingoes	and	
NGSD,	 H1,	 H3,	 and	 H60	 (Figure	7).	 A	 contingency	 table	 analysis,	
with	two	columns	(mitochondrial	lineage)	and	three	rows	(Y	chromo-
some	haplogroup),	suggests	that	the	distribution	of	Y	chromosome	
haplogroups	between	the	mitochondrial	lineages	was	nonrandom	in	

TABLE  2 PCR	amplification	primers	and	conditions	for	mitochondrial	PCR	amplification	and	sequencing	of	the	dingo	and	NGSD

Primer name Sequence Nucleotide position Reference

Diagnostic	region	pair	1 G8_F CCAATGATACTGAAGCTATG 7,340 Designed	by	KMC

G8_R ATTTTAGCAGGTTTGGTTAT 7,915

Diagnostic	region	pair	2 G13_R CTAAAAGTCAGAATAGGCATT 15,150 Designed	by	KMC

P16_F TTCAGAACAATCGCACAACC 13,973 Designed	in	Wilton	Laba

Control	region H15422 CTCTTGCTCCACCATCAGC 15,422 Savolainen	et	al.	(2004)

L16106 AAACTATATGTCCTGAAACC 16,106

aDesigned	by	M.	Wong	during	his	2010	Honours	Thesis	(unpublished	data)	and	supervised	by	AN	Wilton	KMC.

TABLE  3 Nucleotide	variation	and	neutrality	statistics	on	mitochondrial	DNA	(1,706	bp)	from	124	dingoes

π θ Hd Tajima’s D Fu and Li’s F* Fu and Li’s D*

NW	lineage 8.9	×	10−4 3.70	×	10−3 0.77 −2.43** −4.58** −4.52**

SE	lineage 1.08	×	10−3 1.40	×	10−3 0.79 −0.65 −1.91 −2.10

**p < .02.
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dingoes	 (χ2	=	18.1,	df	=	2,	p < .001).	To	 further	 investigate	 the	dis-
tribution	 of	 the	 Y	 chromosome	 haplogroups	 across	 Australia,	 we	
incorporated	 the	 dingo	 and	 NGSD	 data	 from	 Sacks	 et	al.	 (2013)	

resulting	in	a	total	of	194	samples	(Figure	8).	Within	the	combined	
dataset	representing	173	male	dingoes	and	20	NGSD,	we	observed	
an	 additional	 6	 Y	 chromosome	 SNP-	STR	 haplotypes	 (Figure	8).	

F IGURE  3 Median	spanning	network	
based	on	mitochondrial	control	region	
data	from	450	dingoes	and	23	NGSD.	
Red	color	indicates	NGSD	samples,	whilst	
blue	indicates	a	haplotype	hypothesized	
to	be	introgressed	from	domestic	dogs.	
Circles	are	proportional	to	the	number	
of	individuals	carrying	that	haplotype.	
The	network	was	calculated	including	94	
dingoes	and	18	NGSD	from	Sacks	et	al.	
(2013)	and	232	dingoes	and	three	NGSD	
from	Oskarsson	et	al.	(2011)
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The	20	NGSD	 sampled	between	 the	 two	datasets	 all	 carried	H60	
haplotypes.

When	 Y	 chromosome	 haplogroup	 information	 was	 plotted	 on	
a	map	 (Figure	9),	we	observed	 that	H1	was	 largely	 restricted	 to	 the	
southeastern	 region	 of	 Australia,	 H3	 was	 restricted	 to	 the	 south-
eastern	 and	 Kimberley	 regions,	 and	 H60	was	 predominantly	 found	
throughout	northern,	Western,	and	central	Australia.	Of	the	four	H3	
haplogroup	alleles	observed	in	the	Kimberley	region,	all	were	endemic	
except	H3_12d,	which	was	also	observed	in	southeastern	Australia.

To	investigate	the	relationship	between	Y	chromosome	haplotypes	
observed	in	dingoes	and	NGSD	and	Southeast	Asian	dogs,	a	MJ	net-
work	was	calculated	based	upon	a	combined	dataset	incorporating	a	
total	of	272	samples.	This	comprised	173	dingoes,	79	from	our	dataset	
and	94	from	Sacks	et	al.	(2013);	20	NGSD,	two	from	our	dataset	and	
18	from	Sacks	et	al.	(2013);	and	79	Southeast	Asian	dogs	from	Sacks	
et	al.	(2013)	(Figure	10).	We	observed	that	the	H1	and	H3	haplotypes	
found	 in	 dingoes	 were	 largely	 unique	 (not	 shared	 with	 SEA	 dogs).	
Further	 investigation,	 however,	 suggests	 that	H1-	1c,	H1-	6t,	H1-	n7,	
and	H1-	6q	were	observed	in	European	domestic	dog	breeds	(Brown	
et	al.,	2011;	Sacks	et	al.,	2013).	Three	novel	H1	haplotypes	were	ob-
served	(H1-	k1,	H1-	k7,	and	H1-	k5)	that	were	unique	to	dingoes.

3.3 | Demographic analyses

Bayesian	skyline	plots	constructed	on	the	combined	dingo	mitochon-
drial	 dataset	 indicate	 that	 the	 population	 was	 stable	 until	 approxi-
mately	5,000	years	ago	when	it	began	increasing	steadily	(Figure	11).	
There	was	some	evidence	of	a	small	decline	in	dingo	numbers	in	the	
last	200	years.	Skyline	plots	modeled	for	the	individual	mitochondrial	

clades	 separately	 suggest	 differences	 in	demographic	 histories.	 The	
SE	 clade	 plot	 indicates	 a	 historically	 stable	 population	 size,	 which	
began	 increasing	 rapidly	 in	 the	 last	 1,000–2,000	years	 (Figure	12).	
The	NW	clade	plot	depicts	a	more	gradual	population	increase	from	
about	 6,000	years	 ago	 stabilizing	 approximately	 3,000–4,000	years	
ago	(Figure	12).

4  | DISCUSSION

Understanding	 the	 ecological	 roles	 of	 apex	 predators	 often	 comes	
after	 their	 populations	 have	 declined	 to	 endangered	 levels,	 neces-
sitating	 precautionary	management	 (Estes	 et	al.,	 2011;	Ripple	 et	al.,	
2014).	 In	 the	case	of	 the	dingo,	 the	 findings	documented	here	sug-
gest	the	potential	for	sufficiently	 long-	standing	population	structure	
to	 support	 management	 for	 multiple	 locally	 adapted	 populations.	
Understanding	 the	population	biology,	demography,	and	biogeogra-
phy	of	dingoes	across	Australia	is	central	to	the	question	of	how	best	
to	manage	and	conserve	them,	whilst	limiting	hybridization.

4.1 | Multiple immigrations—different 
evolutionary lineages

Mitochondrial	and	Y	chromosome	data	corroborate	the	presence	of	at	
least	two	discrete	populations	of	dingo,	NW	(H60/H3),	and	SE	(H3/
H1)	(Ardalan	et	al.,	2012;	Cairns	&	Wilton,	2016;	Sacks	et	al.,	2013).	A	
lack	of	intermediate	haplotypes	despite	broad	geographical	sampling	
suggests	that	the	observed	pattern	of	population	structure	is	due	to	
historical	 events.	 Previous	 studies	 did	 not	 observe	 the	 presence	 of	
population	 structure	 in	 dingoes,	 due	 to	 restricted	 sampling	 of	 the	
mitochondrial	control	region	and	limited	geographic	sampling	across	
the	Australian	 continent	 (Oskarsson	 et	al.,	 2011;	 Sacks	 et	al.,	 2013;	
Savolainen	et	al.,	2004).

Our	data	suggest	that	the	two	divergent	Y	chromosome	lineages	
observed	in	dingoes	have	different	geographical	origins	and	are	plau-
sibly	the	result	of	multiple	 immigrations	 into	Australia,	as	postulated	
by	 Cairns	 and	 Wilton	 (2016).	 Notably,	 the	 Y	 haplogroups	 H3	 and	
H60,	which	are	both	observed	in	dingoes,	are	not	immediately	related	
(Figure	10;	Natanaelsson	et	al.,	2006;	Brown	et	al.,	2011;	Ardalan	et	al.,	
2012;	Sacks	et	al.,	2013).	The	H3	Y	chromosome	haplogroup	 is	also	
observed	in	Southeast	Asia.	However,	seven	of	the	eight	haplotypes	
observed	in	dingoes	were	endemic	to	Australia,	indicating	shared	an-
cestry	with	a	history	of	isolation	between	dingoes	and	Southeast	Asian	
dogs	(Figure	10;	Brown	et	al.,	2011;	Sacks	et	al.,	2013).	On	the	other	
hand,	the	H60	haplogroup	is	unique	to	dingoes	and	NGSD	and	most	
closely	related	to	H5,	a	haplogroup	found	in	Taiwan	(Figure	10;	Brown	
et	al.,	2011;	Ardalan	et	al.,	2012;	Sacks	et	al.,	2013).	The	distribution	
of	Y	chromosome	haplotypes	between	the	two	mitochondrial	lineages	
is	nonrandom,	corroborating	the	presence	of	strong	geographic	subdi-
vision	in	dingoes	(Ardalan	et	al.,	2012;	Cairns	&	Wilton,	2016).

These	data	have	intriguing	implications	for	the	movements	of	ca-
nids,	and	presumably	humans,	in	Australasia.	Cairns	and	Wilton	(2016)	
postulate	that	dingoes	immigrated	into	Australia	via	the	now	flooded	

F IGURE  5 Biogeographical	map	of	120	dingoes	and	their	
mitochondrial	lineage	designation.	Black	circles	indicate	NW	lineage	
haplotypes	and	orange	SE	lineage	haplotypes.	Only	wild	dingoes	
were	plotted	onto	the	map
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land	 bridge	 between	 Papua	 New	 Guinea	 and	Australia.	 Indeed	 mi-
tochondrial	data	suggest	 that	SE	dingoes	and	the	NGSD	are	closely	
related	(Figures	4	and	6	and	Cairns	&	Wilton,	2016).	Y	chromosome	
data,	 however,	 suggest	 that	 the	 NGSD	 share	 a	 closer	 paternal	 re-
lationship	 with	 the	 NW	 lineage	 (Figures	7,	 8,	 and	 10;	 Sacks	 et	al.,	
2013).	 Conflicting	 maternal	 and	 paternal	 histories	 mean	 the	 exact	

relationship	between	NGSD	and	the	two	dingo	populations	is	uncer-
tain.	However,	the	close	relationship	does	indicate	that	dingoes	likely	
arrived	in	Australia	through	Papua	New	Guinea.	Furthermore,	the	dis-
parate	 geographical	 origins	 of	 the	 two	Y	 chromosome	 haplogroups	
support	the	hypothesis	that	dingoes	immigrated	into	Australia	twice.	
A	single	homogeneous	introduction,	as	suggested	by	Savolainen	et	al.	

F IGURE  6 Bayesian	analysis	of	124	
dingo	and	five	NGSD	mitochondrial	
diagnostic	region	(1,706	bp)	sequences.	
Analyses	constructed	in	BEAST	v1.7.5	
(Drummond	et	al.,	2012)	using	a	
GTR	+	G	+	I	substitution	model	and	a	
constant	population	size	coalescent	
model.	Integers	below	nodes	are	posterior	
probability	values	and	values	less	than	
0.6	are	not	shown.	Colors	represent	
geographical	sampling	population,	black	
for	NW,	orange	for	SE,	and	red	for	NGSD.	
The	scale	bar	indicates	an	estimate	of	the	
average	per	site	substitutions	between	two	
nodes3.0E-4

Central 

Northwestern 

Northeastern 

Moree

Captive

Gibson 

Northwestern 

Northwestern 

Northeastern

Southeastern

Northwestern 

Kimberley 

Northwestern 

Simpson 

Alpine

Southeastern 

Southeastern 

Central 
Northwestern 

Southeastern

Gibson 

Northeastern 

Gibson 

Alpine 5

NGSD 

Northwestern 

Captive 

Simpson Northwestern 

Fraser 

Central 

Alpine

Northwestern 

Captive

Simpson 

Central 

Northwestern 

Central

Central 

Central 

Captive 

Dubbo 

Simpson 

Central 

Northwestern 

Central 

Inglewood

Kimberley 

Northwestern

Gibson 

Southeastern

Southeastern

Kimberley 

Alpine 

0.98

0.85

1

0.97

0.84

0.93

0.98

1

0.93

0.93

0.98

0.95

0.98

0.98

1

Fraser 
Southeastern



     |  15CAIRNS et Al.

(2004),	is	unlikely	given	the	strong	biogeographical	subdivision	at	ma-
ternal	and	paternal	markers	and	the	divergent	evolutionary	relation-
ships	between	the	two	populations.	This	suggests	 that	 in	Southeast	
Asia	and	Oceania,	the	movements	of	dogs,	and	presumably	humans,	
are	much	more	complex	than	assumed.	Indeed,	genetic	research	finds	

little	 evidence	of	Neolithic	or	Austronesian	gene	 flow	 into	Australia	
(Bergström	et	al.,	2016;	Haak	et	al.,	2010;	van	Holst	Pellekaan,	2013;	
Karafet	 et	al.,	 2005;	 McEvoy	 et	al.,	 2010;	 Rasmussen	 et	al.,	 2011).	
Intriguingly,	 human	mitochondrial	 research	 found	 a	 pattern	 of	 con-
tinuous	 strong	geographic	 subdivision	dating	back	 to	 approximately	

F IGURE  8 Median	spanning	network	based	upon	Y	chromosome	SNP	and	STR	haplotypes	for	173	dingoes	and	20	NGSD.	Black	coloration	
indicates	dingoes	from	this	study,	red	indicates	NGSD	individuals,	and	white	indicates	dingo	samples	from	Sacks	et	al.	(2013).	Strokes	across	
branches	indicate	the	presence	of	Y	chromosome	SNP	mutations	differentiating	between	Y	chromosome	haplogroups.	Branch	lengths	are	
relative	to	the	number	of	STR	mutations	between	Y	chromosome	haplotypes
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F IGURE  7 Median	spanning	network	based	upon	Y	chromosome	SNP	and	STR	haplotypes	for	79	dingoes	and	two	NGSD.	Black	coloration	
indicates	NW	mitochondrial	lineage	individuals,	orange	SE	mitochondrial	lineage	individuals,	red	NGSD	individuals,	and	white	unknown	
mitochondrial	lineage.	Strokes	across	branches	indicate	the	presence	of	Y	chromosome	SNP	mutations	differentiating	between	Y	chromosome	
haplogroups.	Branch	lengths	are	relative	to	the	number	of	STR	mutations	between	Y	chromosome	haplotypes
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50,000	years	BP,	after	Australians	first	spread	into	the	continent,	with	
little	evidence	of	migration	between	populations	(Tobler	et	al.,	2017).

4.2 | Dating, demography, and dispersal

Demographic	 modeling	 and	 neutrality	 test	 results	 based	 on	 mito-
chondrial	data	should	be	treated	cautiously	but	can	give	insight	into	
modern	 and	historical	 demographic	patterns.	Bayesian	 skyline	plots	
based	upon	the	individual	mitochondrial	lineages	suggest	that	the	SE	
population	size	has	been	stable	until	about	1,000	years	ago,	when	it	
underwent	 rapid	 expansion	 (Figure	12).	 The	NW	population	 on	 the	
other	 hand	has	 a	 history	 of	 gradual	 population	 expansion	 from	 ap-
proximately	4,000–6,000	years	ago	(Figure	12).	Possibly	Bayesian	de-
mographic	modeling	is	reflective	of	rapid	range	expansion	of	dingoes	
in	 southeastern	Australia	 following	 the	decline	of	 thylacines	on	 the	
mainland,	which	occurred	approximately	2,000	years	BP	 (Figure	12;	
Johnson	&	Wroe,	2003;	Fillios	et	al.,	2012;	Letnic	et	al.,	2012;	Prowse	
et	al.,	2014).	It	is	also	possible	that	the	pattern	of	population	expan-
sion	in	SE	dingoes	is	the	result	of	extensive	culling	and	baiting	prac-
tices	 in	 southeastern	 Australia	 within	 the	 last	 200	years	 (Fleming,	
Corbett,	Harden,	&	Thomson,	2001;	Wallach,	Ritchie,	Read,	&	O’Neill,	
2009).	The	pattern	of	population	expansion	observed	in	the	NW	dingo	

F IGURE  9 Biogeographical	map	of	169	dingoes	and	their	
Y	chromosome	haplogroup	designation.	Coloration	indicates	Y	
chromosome	haplogroup;	red	for	H60,	blue	for	H3,	purple	for	H21,	
and	green	for	H1.	Only	wild	dingoes	were	plotted	onto	the	map
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FIGURE 10 Median	spanning	network	based	upon	Y	chromosome	SNP	and	STR	haplotypes	for	173	dingoes,	20	NGSD	and	79	Southeast	Asian	
dogs.	Coloration	indicates	geographical	region/species	type:	black	for	dingoes,	red	for	NGSD	individuals,	dark	green	for	Taiwan,	purple	for	Thailand,	
light	blue	for	Brunei,	light	green	for	Philippines,	and	dark	blue	for	Bali.	Strokes	across	branches	indicate	the	presence	of	Y	chromosome	SNP	mutations	
differentiating	between	Y	chromosome	haplogroups.	Branch	lengths	are	relative	to	the	number	of	STR	mutations	between	Y	chromosome	haplotypes
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population	could	be	the	result	of	long-	term	but	gradual	range	expan-
sion	after	 immigration	 into	Australia.	Demographic	modeling	on	the	
entire	 dingo	 dataset	 depicts	 a	 population	 expansion	 approximately	
3,000–8,000	years	BP	(Figure	11).	Ethnographic	and	molecular	dating	
suggests	dingoes	arrived	in	Australia	prior	to	5,000	years	BP	(Cairns	&	
Wilton,	2016;	Fillios	&	Taçon,	2016;	Oskarsson	et	al.,	2011).	It	should	
be	noted	that	uncertainty	in	the	demographic	modeling	makes	it	dif-
ficult	 to	discern	the	approximate	arrival	 time	of	dingoes	or	pinpoint	
when	range	expansions	occurred.

Biogeographic	 patterns	 within	 Australia	 provide	 insight	 into	 the	
modern	dispersal	and	migration	of	dingoes.	We	observed	that	the	geo-
graphical	distribution	of	the	two	mitochondrial	lineages,	SE	and	NW,	ex-
hibits	strong	geographical	subdivision	(Figure	5).	Only	a	single	instance	
of	 discordance	 between	mitochondrial	 lineage	 and	 geographic	 origin	
was	observed,	 indicating	 that	maternal	migration	 is	 limited.	The	geo-
graphical	distribution	of	three	Y	chromosome	haplogroups,	H1,	H3,	and	
H60,	is	similar	to	that	of	the	mitochondrial	lineages,	but	more	diffuse,	
suggesting	higher	levels	of	paternal	than	maternal	migration	(Figures	5	
and	9).	Introgression	between	the	NW	and	SE	populations	seems	to	be	
west	to	east	biased,	with	few	H3	haplogroup	individuals	found	in	north-
ern,	Western,	or	central	Australia.	Conversely,	there	are	some	individ-
uals	in	southeastern	Australia	harboring	H60	haplogroup	types,	either	
the	result	of	male	dispersal	from	the	NW	population	into	the	SE	popula-
tion	or	historical	distribution	patterns.	These	patterns	are	likely	a	factor	
of	male	dispersal;	male	dingoes	and	dogs	 range	more	widely	and	are	
more	likely	to	disperse	to	new	areas	(Pal,	Ghosh,	&	Roy,	1998;	Thomson,	
Rose,	&	Kok,	1992).	Human-	mediated	dispersal	may	also	be	a	factor	in	
facilitating	the	movement	of	dingoes,	by	breaking	apart	pack	structures	
through	culling/baiting	management	practices	(Corbett,	1988;	Fleming	
et	al.,	2006;	Glen,	Dickman,	Soulè,	&	Mackey,	2007;	Thomson,	1992;	
Wallach,	Johnson,	Ritchie,	&	O’Neill,	2010;	Wallach	et	al.,	2009).

Contrary	 to	 demographic	 modeling,	 the	 neutrality	 test	 re-
sults	 indicate	that	the	two	dingo	populations	may	be	experiencing	

different	 demographic	 and/or	 selective	 pressures	 (Table	3	 and	
Cairns	&	Wilton,	2016).	These	data	are	consistent	with	mitochon-
drial	network	analyses	depicting	a	complex	pattern	in	the	SE	popu-
lation	but	a	more	star-	like	pattern	in	the	NW	population	indicative	
of	population	expansion	(Figures	3	and	4).	There	is	also	evidence	of	
a	west	 to	 east	 biased	dispersal	 pattern	which	might	 be	 the	 result	
of	 NW	 population	 dingoes	moving	 into	 vacant	 niches	 opened	 up	
by	extensive	culling	and	baiting	practices	in	southeastern	Australia	
(Figure	5).

4.3 | Introgression from modern domestic dogs

The	H1	Y	chromosome	haplogroup	is	considered	to	be	a	European	do-
mestic	dog	haplogroup	(Ardalan	et	al.,	2012;	Brown	et	al.,	2011;	Ding	
et	al.,	2011;	Sacks	et	al.,	2013),	and	it	 is	often	observed	in	domestic	
dog	 breeds	 or	 Southeast	Asian	 dogs	 thought	 to	 have	 breed	 ances-
try.	 The	observation	of	H1	haplotypes	within	dingoes	 is	 suggestive	
of	paternal	introgression	from	European	domestic	dogs	into	dingoes	
(Figures	7,	8,	and	10).	The	presence	of	the	H1	haplogroup	in	geneti-
cally	 tested	 “pure”	 dingoes	 suggests	 that	 there	 has	 likely	 been	 his-
torical,	post-	European	colonization,	introgression	from	domestic	dogs	
into	dingoes.	It	is	unlikely	that	the	introgression	is	modern	because	the	
genetic	test	is	capable	of	detecting	hybridization	events	on	a	recent	
timescale	(Cairns,	Wilton,	&	Ballard,	2011;	Wilton,	2001;	Wilton	et	al.,	
1999).	The	uniparental	inheritance	of	the	Y	chromosome	means	that	
a	single	hybridization	event	will	be	 reflected	 in	 the	paternal	 lineage	
of	a	dingo	despite	extensive	backcrossing.	The	lack	of	non-	dingo-	like	
mitochondrial	lineages	suggests	that	the	introgression	from	domestic	
dogs	is	predominately	due	to	male	domestic	dogs	mating	with	female	
dingoes.

The	 distribution	 of	 the	H1	 haplogroup	 in	 southeastern	Australia	
further	suggests	it	is	likely	the	result	of	introgression	(Figure	9).	First,	
domestic	dogs	have	been	present	in	southeastern	Australia	for	a	longer	

F IGURE  11 Bayesian	skyline	
plot	built	using	mtDNA	diagnostic	
region	(1,706	bp)	sequences	from	124	
dingoes.	Analyses	constructed	using	a	
GTR	+	G	+	I	substitution	model	and	a	
skyline	coalescent	model	in	BEAST	v1.7.5	
(Drummond	et	al.,	2012).	A	strict	clock	
was	enforced	with	a	substitution	rate	of	
7.7027	×	10−8	mutations−1 site−1	year−1 
with	a	standard	deviation	of	5.4848	×	10−9. 
The	skyline	plot	was	constructed	in	Tracer	
1.5	(Rambaut	&	Drummond,	2007) Time
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period	 of	 time,	 having	 arrived	with	 European	 colonists	 in	 1788,	 al-
lowing	for	a	 longer	period	of	sympatry	with	dingoes	(Corbett,	2001).	
Second,	 southeastern	 Australia	 has	 the	 densest	 human	 population,	
and	areas	with	dense	human	populations	are	generally	associated	with	
higher	 incidences	 of	 hybridization	 (Stephens,	 2011;	 Stephens	 et	al.,	
2015).	Thirdly,	lethal	management	strategies	such	as	baiting	and	cull-
ing	are	widespread	in	southeastern	Australia	due	to	the	sheep	indus-
try	(Fleming	et	al.,	2001).	Fatal	management	strategies	are	believed	to	
lead	to	increased	levels	of	hybridization	due	to	the	breakdown	of	pack	
structure	(Fleming	et	al.,	2006;	Wallach	et	al.,	2009).	This	finding	is	a	
significant	 conservation	 concern	 in	 the	 context	 of	 the	 genetic	 iden-
tity	and	integrity	of	the	SE	dingo	population,	which	is	under	threat	of	

extinction	through	introgression	and	ecological	exclusion	through	le-
thal	management	programs.

4.4 | Conservation implications

The	most	important	implication	of	these	data	is	that	conservation	and	
management	 efforts	 should	 be	 focused	 on	maintaining	 the	 existing	
dingo	population	structure	and	thus	treating	the	two	populations	as	
distinct	conservation	units.	Care	should	be	taken	not	to	deliberately	
translocate	 individuals	 between	wild	 populations.	 Captive	 breeding	
programs	 may	 need	 to	 ensure	 that	 the	 two	 dingo	 populations	 are	
maintained	separately,	with	mitochondrial	and	Y	chromosome	testing	

F IGURE  12 Bayesian	skyline	plots	
based	on	modeling	on	(a)	57	SE	lineage	
or	(b)	67	NW	lineage	dingoes	using	
mitochondrial	diagnostic	region	(1,706	bp)	
sequences.	Analyses	constructed	using	
a	GTR	+	G	+	I	substitution	model	and	a	
skyline	coalescent	model	in	BEAST	v1.7.5	
(Drummond	et	al.,	2012).	A	strict	clock	
was	enforced	with	a	substitution	rate	of	
7.7027	×	10−8	mutations−1 site−1	year−1 
with	a	standard	deviation	of	5.4848	×	10−9. 
The	skyline	plots	were	constructed	in	
Tracer	1.5	(Rambaut	&	Drummond,	2007)
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used	to	identify	population	ancestry.	Fraser	Island	dingoes	appear	to	
share	NW	paternal	lineage	ancestry	but	carry	SE	mitochondrial	types;	
if	genetic	rescue	is	attempted	for	this	inbred	island	population,	then	
individuals	from	appropriate	genetic	lineages	should	be	located.

Conservation	 groups	 have	 long	 described	 the	 presence	 of	 mul-
tiple	 morphological	 varieties	 of	 dingo,	 generally	 alpine,	 desert,	 and	
tropical;	however,	 it	 is	not	clear	whether	this	phenotypic	variation	is	
associated	with	the	genetic	subdivisions	or	phenotypic	plasticity,	al-
though	 the	boundaries	 do	overlap.	A	 future	 study	of	morphological	
and	phenotypic	variation	as	well	as	genetic	variation	may	help	answer	
this	question.	It	is	possible	that	the	two	dingo	populations	have	differ-
ent	ecological	or	biological	 characteristics	 relevant	 to	 the	 conserva-
tion	and	management	of	the	species	or	its	role	in	specific	ecosystems.	
Patterns	 of	 genetic	 subdivision	 in	 other	 large	 carnivores	 have	 been	
linked	to	ecologically	relevant	characteristics	such	as	neonatal	disper-
sal	(Sacks,	Bannasch,	Chomel,	&	Ernest,	2008;	Sacks,	Brown,	&	Ernest,	
2004),	 prey	 specialization	 (Carmichael,	 Nagy,	 Larter,	 &	 Strobeck,	
2001),	environmental	climes	(Carmichael	et	al.,	2001;	Rueness,	Jorde	
et	al.,	2003;	Rueness,	Stenseth	et	al.,	2003;	Stenseth	et	al.,	2004),	and	
sociality	(Randall,	Pollinger,	Argaw,	Macdonald,	&	Wayne,	2010).	This	
is	a	key	knowledge	gap,	which	needs	to	be	interrogated	by	future	eco-
logical research.

The	presence	of	the	H1	haplogroup	in	southeastern	Australia	has	
important	implications	for	conservation	and	future	management	strat-
egies;	namely,	it	highlights	the	importance	of	inhibiting	further	hybrid-
ization.	Neutering	male	dogs	and/or	restricting	them	from	reproducing	
with	wild	 dingoes	 may	 help	 achieve	 this.	 Particularly,	 best	 practice	
should	dictate	 that	pet,	 livestock	guardian,	or	working	dogs	 in	 rural	
localities	should	be	neutered	or	chemically	castrated	to	avoid	further	
risk	of	hybridization.	Widespread	lethal	control	measures	are	shown	to	
also	facilitate	hybridization	by	breaking	apart	pack	structures	(Wallach	
et	al.,	2009).	Alternative	livestock	protection	measures	should	be	ex-
plored,	 such	as	 livestock	guardians	and	 improved	dog-	proof	 fencing	
(van	Bommel	&	Johnson,	 2012;	 Fleming	 et	al.,	 2001).	This	 observa-
tion	 also	 suggests	 the	need	 for	 a	higher	 accuracy	 “next	 generation”	
DNA	test	for	distinguishing	dingoes	from	hybrids;	the	current	method	
is	likely	sufficient	for	monitoring	wild	populations	but	not	for	captive	
breeding	programs.

Knowledge	concerning	 levels	of	genetic	 integrity	 in	wild	popu-
lations	 is	 necessary	 to	 inform	management	 and	 conservation	 pro-
grams.	The	 southeastern	population	of	dingoes	 is	 under	particular	
extinction	pressure	from	both	fatal	management	strategies	and	hy-
bridization;	steps	should	be	taken	to	preserve	this	population	before	
it	is	too	late.	A	broad	genetic	survey	of	dingoes	in	National	Parks	and	
State	 Forests	 in	 southeastern	 states	would	 be	 needed	 to	 pinpoint	
high	 dingo	 ancestry	 populations	 and	 thus	where	 to	 focus	 conser-
vation	efforts.	Currently	state	and	federal	legislation	do	not	protect	
the	dingo	sufficiently	and	allow	widespread	fatal	control	measures	
(Davis,	 2001;	 Downward	 &	 Bromell,	 1990;	 Fleming	 et	al.,	 2001,	
2006).	Revision	of	 legislation	must	be	achieved	to	 reflect	 the	eco-
logical,	cultural,	and	taxonomic	 importance	of	 the	dingo,	balancing	
the	 need	 to	 conserve	 this	 enigmatic	 canine	 with	 any	 agricultural	
concerns.

5  | CONCLUSIONS

Distinct	populations	of	apex	consumers	can	exhibit	different	behav-
iors	 and	prey	on	disparate	 trophic	niches	 (Paiva,	 Fagundes,	Romão,	
Gouveia,	&	Ramos,	2016).	These	differences	could	be	due	to	ecologi-
cal	plasticity	or	genetically	inherited	differences.	This	study	corrobo-
rates	the	presence	of	at	least	two	dingo	populations	in	Australia.	It	is	
plausible,	given	the	divergent	evolutionary	histories	of	these	popula-
tions	that	they	are	the	result	of	multiple	 immigrations	 into	Australia	
via	 the	 now	 flooded	 land	 bridge	 between	 Papua	 New	 Guinea	 and	
Australia.	The	 two	dingo	populations	are	geographically	 subdivided,	
with	one	restricted	to	the	southeast	of	Australia	and	the	other	wide-
spread	across	central,	northern,	and	Western	Australia.	Furthermore,	
there	 are	differences	 in	male	 and	 female	dispersal	 as	 evidenced	by	
rare	 matrilineal	 migration	 and	 more	 diffuse	 patrilineal	 subdivision.	
Demographic	modeling	 suggests	 that	 the	 SE	 population	 of	 dingoes	
may	have	expanded	either	in	response	to	the	extinction	of	thylacines	
on	the	mainland	or	due	to	widespread	lethal	control	management	in	
the	last	1,000	years.	In	contrast,	the	NW	population	appears	to	have	
been	gradually	expanding	since	the	dingoes’	arrival.	Further	research	
into	 historical	 demographic	 patterns	 may	 help	 inform	 hypotheses	
concerning	the	arrival	and	spread	of	dingoes	into	Australia.	There	is	
evidence	of	historical,	post-	European	colonization,	paternal	introgres-
sion	from	domestic	dogs	into	the	SE	dingo	population.	Conservation,	
management,	 and	 legislative	practices	need	 to	be	 revised	 to	 reflect	
the	presence	of	two	dingo	populations	and	to	limit	further	hybridiza-
tion	particularly	in	the	SE	population.
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