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Abstract
Interpretation	of	conservation	status	should	be	informed	by	an	appreciation	of	ge‐
netic	diversity,	past	demography,	and	overall	trends	in	population	size,	which	contrib‐
ute	to	a	species'	evolutionary	potential	and	resilience	to	genetic	risks.	Low	genetic	
diversity	can	be	symptomatic	of	rapid	demographic	declines	and	impose	genetic	risks	
to	populations,	but	can	also	be	maintained	by	natural	processes.	The	northern	bot‐
tlenose	whale	Hyperoodon ampullatus	has	the	lowest	known	mitochondrial	diversity	
of	any	cetacean	and	was	 intensely	whaled	 in	 the	Northwest	Atlantic	over	 the	 last	
century,	but	whether	exploitation	imposed	genetic	risks	that	could	limit	recovery	is	
unknown.	We	sequenced	full	mitogenomes	and	genotyped	37	novel	microsatellites	
for	128	individuals	from	known	areas	of	abundance	in	the	Scotian	Shelf,	Northern	
and	 Southern	 Labrador,	 Davis	 Strait,	 and	 Iceland,	 and	 a	 newly	 discovered	 group	
off	Newfoundland.	Despite	 low	diversity	and	shared	haplotypes	across	all	regions,	
both	markers	supported	the	Endangered	Scotian	Shelf	population	as	distinct	 from	
the	combined	northern	 regions.	The	genetic	affinity	of	Newfoundland	was	uncer‐
tain,	 suggesting	 an	 area	of	mixing	with	no	 clear	 population	distinction	 for	 the	 re‐
gion.	Demographic	 reconstruction	 using	mitogenomes	 suggests	 that	 the	 northern	
region	underwent	population	expansion	following	the	last	glacial	maximum,	but	for	
the	peripheral	Scotian	Shelf	population,	 a	 stable	demographic	 trend	was	 followed	
by	a	drastic	decline	over	a	temporal	scale	consistent	with	increasing	human	activity	
in	the	Northwest	Atlantic.	Low	connectivity	between	the	Scotian	Shelf	and	the	rest	
of	the	Atlantic	 likely	compounded	the	impact	of	 intensive	whaling	for	this	species,	
potentially	imposing	genetic	risks	affecting	recovery	of	this	population.	We	highlight	
how	the	combination	of	historical	environmental	conditions	and	modern	exploitation	
of	this	species	has	had	very	different	evolutionary	impacts	on	structured	populations	
of	northern	bottlenose	whales	across	the	western	North	Atlantic.
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1  | INTRODUC TION

Loss	of	genetic	diversity	can	threaten	the	persistence	of	populations	
and	species	by	reducing	individual	fitness	(Amos	&	Balmford,	2001)	
and	 limiting	their	potential	 to	adapt	to	environmental	and	ecologi‐
cal	changes	 (Bürger	&	Lynch,	1995;	Lacy,	1997;	Willi,	Van	Buskirk,	
&	Hoffmann,	2006).	Where	species	have	been	subjected	to	 inten‐
sive	harvesting,	 experienced	 rapid	demographic	decline	or	habitat	
fragmentation	 due	 to	 human	 activity,	 extremely	 low	 levels	 of	 ge‐
netic	diversity	can	be	an	indicator	of	impaired	recovery	(Hutchings,	
Butchart,	Collen,	Schwartz,	&	Waples,	2012)	and	 increased	risk	of	
extinction	(Frankham,	2005,	2015;	Keller	&	Waller,	2002).	However,	
populations	that	have	not	been	through	a	recent	bottleneck	can	also	
maintain	 low	 levels	of	genetic	diversity	through	natural	processes,	
such	as	climate	 regime	shifts	 (Attard	et	al.,	2015;	De	Bruyn	et	al.,	
2009;	 Westbury,	 Petersen,	 Garde,	 Heide‐Jørgensen,	 &	 Lorenzen,	
2019),	 life	 history	 attributes	 (Romiguier	 et	 al.,	 2014),	 social	 struc‐
ture	(Whitehead,	1998),	recurrent	selective	sweeps	(Bazin,	Glémin,	
&	 Galtier,	 2006),	 and	 sexual	 selection	 (Amos	 &	 Harwood,	 1998).	
Populations	that	have	maintained	low	genetic	diversity	under	equi‐
librium	conditions	are	unlikely	to	harbor	the	same	frequency	of	del‐
eterious	alleles	as	populations	that	have	undergone	recent	genetic	
bottlenecks	 (Keller	&	Waller,	2002).	Determining	 the	cause	of	 low	
genetic	diversity	in	a	population	is	crucial	to	understanding	the	ge‐
netic	risks	faced	by	species	that	have	been	subject	to	historical	or	
ongoing	 anthropogenic	 impacts	 and	 informing	 management	 deci‐
sions	that	could	determine	their	future	persistence	(Allendorf,	2017).

The	northern	bottlenose	whale	(Hyperoodon ampullatus,	Figure	1)	
currently	has	the	lowest	known	mitochondrial	diversity	of	any	ceta‐
cean	species	(Whitehead,	Vachon,	&	Frasier,	2017),	but	it	is	unknown	
whether	this	is	due	to	recent	declines	from	human	harvesting	or	nat‐
ural	processes	acting	over	longer	time	scales.	Hyperoodon ampulla‐
tus	was	severely	exploited	over	the	course	of	the	19–20th	centuries,	
and	its	current	population	size	and	recovery	status	are	poorly	under‐
stood.	The	range	of	H. ampullatus	is	restricted	to	the	cold‐temperate	
North	Atlantic,	where	approximately	 two‐thirds	of	 the	prewhaling	
population	estimate	of	65,000–100,000	whales	were	commercially	

whaled	(Whitehead	&	Hooker,	2012).	This	level	of	exploitation	likely	
resulted	in	a	severe	population	decline	(Christensen,	1973).	Most	of	
the	 early	whaling	 effort	was	 focused	 in	 core	 areas	 in	 the	 eastern	
north	Atlantic,	but	in	later	years	as	catches	declined	whalers	moved	
west,	until	commercial	whaling	of	the	species	ended	in	1971.	Catch	
distributions	 suggest	 core	 whaling	 areas	 may	 reflect	 population	
structure,	with	subdivisions	between	the	Scotian	Shelf,	the	Labrador	
Sea,	Iceland,	Norway,	and	Svalbard	(Benjaminsen,	1972;	Whitehead	
&	Hooker,	2012).	 If	severe	exploitation	of	H. ampullatus	 imposed	a	
genetic	bottleneck,	population	genetic	theory	predicts	that	deleteri‐
ous	alleles	could	increase	in	frequency,	negatively	impacting	the	re‐
covery	of	their	populations,	especially	where	connectivity	between	
core	areas	of	abundance	may	be	low	(Keller	&	Waller,	2002;	O'Grady	
et	al.,	2006).

While	we	 know	 little	 about	 the	other	 populations	 of	 northern	
bottlenose	whales,	the	Scotian	Shelf	population	has	been	the	sub‐
ject	 of	 long‐term	 field	 study	 and	 ongoing	 monitoring,	 and	 is	 cur‐
rently	 listed	as	Endangered	under	Canada's	Species At Risk Act	due	
to	small	population	size	and	 isolation	 (COSEWIC,	2011;	O'Brien	&	
Whitehead,	2013;	Whitehead,	Faucher,	Gowans,	&	McCarrey,	1997).	
This	 population	 is	 centered	 in	 the	Gully,	 a	 submarine	 canyon	 and	
marine	protected	area	(MPA).	Between	1962	and	1971,	commercial	
whaling	took	87	whales	from	the	Gully	and	more	than	800	whales	
from	the	nearest	known	population	off	Northern	Labrador.	Reduced	
catch	 per	 unit	 effort	 across	 the	North	Atlantic	 suggests	 northern	
bottlenose	whale	populations	were	depleted	when	whaling	ended	in	
Canada	in	1971	(Christensen,	1975;	Mitchell,	1977;	Reeves,	Mitchell,	
&	Whitehead,	 1993;	Whitehead	&	Hooker,	 2012).	 Despite	 almost	
50	 years	 for	 population	 recovery,	 the	 most	 recent	 estimate	 from	
long‐term	mark–recapture	studies	in	the	Gully	indicates	the	Scotian	
Shelf	population	has	remained	small	and	stable	at	~143	(CI	=	129–
156)	 from	1988	to	2011	 (O'Brien	&	Whitehead,	2013).	 It	 is	uncer‐
tain	 whether	 recovery	 has	 been	 limited	 by	 genetic,	 demographic,	
or	 ongoing	 anthropogenic	 factors	 (Whitehead	 &	 Hooker,	 2012).	
Previous	 genetic	 analyses	 of	 10	microsatellites	 and	mitochondrial	
DNA	control	region	sequences	found	genetic	subdivision	between	
the	 Scotian	 Shelf	 and	 the	Northern	 Labrador	 Sea	 regions,	 but	 no	
evidence	of	genetic	bottlenecks	(Dalebout,	Hooker,	&	Christensen,	
2001;	 Dalebout,	 Ruzzante,	 Whitehead,	 &	 ØIen,	 2006).	 However,	
the	 extremely	 low	 genetic	 diversity	 detected	 in	H. ampullatus	 by	
Dalebout	et	al.	 (2006),	particularly	at	mitochondrial	control	 region	
sequences	 (5	 haplotypes	 differentiated	 by	 4	 polymorphic	 sites	 in	
127	individuals),	provided	limited	power	to	resolve	recent	or	histor‐
ical	demographic	changes.	Whether	exploitation	has	contributed	to	
the	extraordinarily	low	genetic	diversity	or	the	population	structure	
of	H. ampullatus	is	therefore	unclear.

There	are	a	number	of	 life	history	and	selective	processes	that	
can	sustain	low	levels	of	 intraspecific	genetic	diversity	over	evolu‐
tionary	time	scales,	predating	major	commercial	exploitation	efforts	
(Attard	 et	 al.,	 2015;	 Carroll	 et	 al.,	 2019;	 Ellegren	&	Galtier,	 2016;	
Vachon,	Whitehead,	&	Frasier,	2018).	However,	the	patterns	seen	in	
H. ampullatus	are	not	well	explained	by	life	history	attributes	com‐
monly	 associated	with	naturally	 low	genetic	 variation.	 Large	body	

F I G U R E  1  Photograph	of	northern	bottlenose	whale.	
(Hyperoodon ampullatus) spy‐hopping in the Gully, Scotian Shelf
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sizes,	long	generation	times,	and	life	spans	have	been	associated	with	
low	genetic	diversity	in	animals	(Romiguier	et	al.,	2014).	Although	H. 
ampullatus	can	grow	larger	than	the	average	length	found	across	all	
species	of	cetaceans,	their	body	size	is	less	than	a	third	of	the	larg‐
est	cetacean	species,	and	their	generation	time	is	average	compared	
with	empirical	and	modeled	estimates	of	age	at	 first	 reproduction	
across	cetacean	species	(Christensen,	1973;	Taylor,	Chivers,	Larese,	
&	Perrin,	2007).	Sexual	selection	can	lead	to	higher	variance	in	re‐
productive	success	among	males,	which	has	been	shown	to	reduce	
nuclear	diversity	relative	to	neutral	expectations	(Ellegren	&	Galtier,	
2016;	Wilson	 Sayres,	 2018).	Male	 sexual	 dimorphism	 is	 prevalent	
across	Ziphiidae,	and	sexual	selection	has	been	widely	accepted	as	
an	explanation	for	why	they	are	the	most	diverse	family	of	cetaceans	
(Dalebout,	Steel,	&	Baker,	2008;	Gol'din,	2014).	However,	 it	 is	not	
known	how	levels	of	nuclear	diversity	 in	H. ampullatus	compare	to	
other	 species	and	sexual	 selection	does	not	explain	 the	 low	mito‐
chondrial	diversity	within	H. ampullatus	relative	to	other	Ziphiidae.	
Male	sexual	dimorphism	is	prevalent	across	Ziphiidae,	and	sexual	se‐
lection	has	been	widely	accepted	as	an	explanation	for	why	they	are	
the	most	diverse	family	of	cetaceans	(Dalebout	et	al.,	2008;	Gol'din,	
2014),	but	this	does	not	explain	the	low	diversity	within	H. ampulla‐
tus	relative	to	other	Ziphiidae.	Cultural	selection	has	been	identified	
as	a	mechanism	that	can	reduce	mitochondrial	diversity	in	matrilineal	
whales	 through	cultural	hitchhiking	 (Whitehead,	1998;	Whitehead	
et	 al.,	 2017),	 and	 though	H. ampullatus	 live	 in	 social	 groups,	 they	
form	short‐term	“fission–fusion”	associations	rather	than	long‐term	
matrilineal	structures	associated	with	cultural	hitchhiking	(Gowans,	
Whitehead,	&	Hooker,	2001).	Recurrent	selective	sweeps	for	adap‐
tive	traits	can	reduce	genetic	diversity	at	mitochondrial	 loci	 (Bazin	
et	 al.,	 2006;	Morin	et	 al.,	 2018)	 and	have	previously	been	consid‐
ered	as	a	potential	cause	of	low	diversity	in	sperm	whales	(Physeter 
macrocephalus,	Morin	et	al.,	2018),	killer	whales	(Orcinus orca,	Foote	
et	 al.,	 2016),	 and	 false	 killer	whales	 (Pseudorca crassidens,	Martien	
et	al.,	2014).	Some	authors	have	suggested	that	deep	diving,	a	trait	
shared	across	Ziphiidae,	may	be	an	adaptation	that	is	under	positive	
selection	in	cetaceans;	however,	other	beaked	whale	species,	Ziphius 
cavirostris	(Dalebout	et	al.,	2005)	and	Mesoplodon mirus	(Thompson,	
Patel,	Baker,	Constantine,	&	Millar,	2016),	do	not	appear	to	share	the	
same	 low	diversity	as	H. ampullatus.	Our	current	understanding	of	
the	biology	of	H. ampullatus	is	limited	and	does	not	provide	a	clear	
explanation	for	low	observed	diversity.

Species	with	smaller	population	sizes	are	expected	to	have	lower	
genetic	diversity	due	to	increased	genetic	drift	(Leffler	et	al.,	2012),	
and	while	population	sizes	are	poorly	understood	in	cetaceans,	cur‐
rent	population	estimates	for	H. ampullatus	are	 larger	than	at	 least	
five	other	species	of	cetaceans	with	higher	measures	of	range‐wide	
mitochondrial	 nucleotide	 diversity	 (IUCN,	 2018;	 Vachon	 et	 al.,	
2018).	Historical	demographic	fluctuations	can	have	lasting	impacts	
on	genetic	diversity,	and	population	dynamics	associated	with	glacial	
oscillations	are	known	to	have	had	a	major	influence	on	patterns	of	
genetic	diversity	in	subpolar	and	temperate	species	(Hewitt,	2000).	
During	 the	 last	 glacial	 maximum	 (LGM)	 ~19–26	 kya,	 the	 sea	 level	
was	 lower	 and	 ice	 sheets	 expanded	 toward	 the	 equator,	 resulting	

in	genetic	bottlenecks	for	many	species	 including	cetaceans	 in	the	
northern	 (Jenkins,	 Castilho,	 &	 Stevens,	 2018;	Moura	 et	 al.,	 2014;	
Phillips	et	al.,	2013)	and	southern	hemispheres	(Attard	et	al.,	2015).	
In	the	North	Atlantic,	ice	sheets	covered	a	large	portion	of	the	cur‐
rent	distribution	of	H. ampullatus	(Paul	&	Schäfer‐Neth,	2003).	This	
likely	 reduced	 available	 habitat	 for	H. ampullatus,	 possibly	 limiting	
their	population	size	and	shifting	their	range	southwards,	followed	
by	a	population	expansion	as	available	habitat	 increased	upon	gla‐
cial	recession.	The	last	glacial	maximum	may	have	disproportionately	
affected	H. ampullatus	 relative	 to	other	 cetacean	 species	due	 to	a	
large	portion	of	their	shelf	edge	habitat	being	inaccessible	and	their	
specialization	 for	deep	water	prey,	primarily	 squid	 from	 the	genus	
Gonatus	(Hooker,	Iverson,	Ostrom,	&	Smith,	2001).	Climatic	fluctua‐
tions,	foraging	preferences,	and	a	limited	polar	distribution	relative	
to	other	species	of	beaked	whales	may	have	reduced	available	hab‐
itat	and	constrained	overall	population	size,	contributing	to	the	low	
mitochondrial	genetic	diversity	currently	found	in	H. ampullatus.

Here,	we	 investigate	whether	the	extremely	 low	mitochondrial	
diversity	 in	 the	 northern	 bottlenose	 whale	 results	 from	 genetic	
bottlenecks	 associated	with	 intensive	whaling	 or	 historical	 demo‐
graphic	changes	during	the	last	glacial	maximum.	Using	a	large	panel	
of	newly	developed	microsatellite	markers	and	whole	mitochondrial	
genomes,	we	first	resolve	population	structure	sampled	across	the	
Scotian	Shelf,	Labrador	Sea,	Davis	Strait,	Iceland,	and	Newfoundland.	
The	specimens	from	Newfoundland	represent	the	first	observations	
of	H. ampullatus	in	an	area	between	the	two	known	population	cen‐
ters	of	the	Scotian	Shelf	and	Labrador–Davis	Strait,	a	region	that	has	
not,	to	our	knowledge,	been	previously	described	in	whaling	records	
or	scientific	surveys.	We	examine	the	origin	of	 the	Newfoundland	
whales	to	assess	whether	they	may	represent	an	unexploited	popu‐
lation,	mixing	between	previously	described	subdivided	populations,	
or	signify	the	potential	recovery	and	expansion	of	one	of	the	core	
populations.	We	use	whole	mitochondrial	genomes	 to	 reconstruct	
the	historical	demography	of	H. ampullatus	and	assess	whether	there	
is	 evidence	of	 recent	 or	 historical	 genetic	 bottlenecks	 in	 the	 evo‐
lutionary	 trajectories	 of	 subpopulations.	 This	 represents	 the	 first	
population	genetics	study	of	northern	bottlenose	whales	using	mi‐
togenomes	and	a	large	number	of	microsatellites	from	contemporary	
samples	collected	across	the	western	North	Atlantic.

2  | MATERIAL S AND METHODS

2.1 | Sample collection

Initial	samples	were	collected	from	167	northern	bottlenose	whales	
(77	 females,	 90	 males)	 from	 six	 locations	 in	 the	 North	 Atlantic:	
the	 Davis	 Strait,	 Northern	 Labrador	 Sea,	 Southern	 Labrador	 Sea,	
northern	 Iceland,	 the	Scotian	Shelf,	 and	Newfoundland	 (Figure	2).	
Tissues	 sampled	 included	dried	 gum	 tissue	 scraped	 from	archived	
teeth	collected	during	whaling	more	than	45	years	ago	(1967–1971),	
from	 biopsy	 samples	 collected	 1997–2018	 and	 samples	 collected	
from	stranded	whales	around	the	region	between	1994–2005.	The	
sampling	protocol	for	biopsy	collection	was	reviewed	and	approved	
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by	the	Dalhousie	University	Committee	on	Laboratory	Animals	and	
collected	under	permit	from	Canada's	Department	of	Fisheries	and	
Oceans	 (DFO).	 This	 study	 considers	 additional	 samples	 from	 the	
Scotian	Shelf,	a	new	sampling	region	in	Newfoundland,	and	contem‐
porary	samples	from	the	Davis	Strait,	that	have	not	been	included	in	
any	previous	population	analyses.

Northern	Labrador	samples	were	obtained	from	dried	gum	tis‐
sue	collected	from	the	teeth	of	80	whales	killed	by	whalers	 in	the	
Northern	Labrador	Sea	in	1971	(Christensen,	1973).	Ten	Davis	Strait	
biopsy	samples	were	collected	opportunistically	during	Department	
of	Fisheries	and	Oceans	research	cruises	 in	2017	and	2018.	Three	
biopsy	 tissue	 samples	 collected	 in	 Southern	 Labrador	 in	 2003	 by	
Dalebout	 et	 al.	 (2006)	 were	 reanalyzed.	 For	 North	 Iceland,	 dried	
gum	tissue	was	obtained	from	seven	whales	killed	in	the	Norwegian	
hunt	in	1967	(Benjaminsen,	1972).	Gum	tissue	from	whaling	samples	
was	 collected	 as	per	Dalebout	 et	 al.	 (2006).	 For	 the	Scotian	Shelf	
samples,	60	biopsies	of	54	unique	 individuals	were	obtained	 from	
free‐swimming	whales	in	the	summers	of	1996,	1997,	2002,	2003,	
2013,	2015,	2016,	and	2017	using	a	crossbow	biopsy	system	as	per	
Hooker,	Baird,	Al‐Omari,	Gowans,	and	Whitehead	(2001).	Biopsies	
were	similarly	collected	from	12	whales	in	an	area	off	Newfoundland,	
which	 was	 discovered	 during	 acoustic	 surveys	 of	 the	 continental	
slope	 in	2015	 (L.J.	 Feyrer,	Unpublished	Data)	 and	was	 revisited	 in	
2016–2017.	This	region	has	not	to	our	knowledge	been	previously	
described	as	having	a	significant	abundance	of	northern	bottlenose	
whales,	and	no	bottlenose	whales	were	seen	or	sampled	between	
the	 reported	 areas	 (Figure	2).	 Five	 additional	 tissue	 samples	were	
collected	during	necropsies	 from	northern	bottlenose	whales	 that	

stranded	around	Atlantic	Canada	between	1994	and	2005,	and	were	
provided	by	the	Newfoundland,	Maritimes,	and	Quebec	regions	of	
DFO.	Biopsy	and	stranding	samples	were	preserved	in	20%	salt‐sat‐
urated	dimethyl	 sulphoxide	 (DMSO)	or	70%	ethanol	and	stored	at	
4°C	or	−20°C	prior	to	genetic	analysis.

2.2 | DNA extraction

DNA	extraction	was	performed	with	a	glass‐binding/filtration	pro‐
tocol	(Elphinstone,	Hinten,	Anderson,	&	Nock,	2003)	on	alcohol	or	
DMSO‐preserved	fresh	tissues.	For	archived	gum	tissue	scrapings,	
DNA	extraction	was	performed	using	a	standard	phenol/chloroform	
protocol	(Sambrook,	Fritsch,	&	Maniatis,	1989).

2.3 | Microsatellite development, and genotyping

Genomic	DNA	sequences	were	obtained	from	two	Hyperoodon am‐
pullatus	 collected	 in	2016,	 one	 from	Newfoundland	 and	one	 from	
the	 Scotian	 Shelf.	DNAs	were	 extracted	 using	 a	 standard	 phenol,	
chloroform,	isoamyl‐alcohol	technique	(Sambrook	et	al.,	1989)	from	
biopsied	 skin	 tissue.	 DNAs	 were	 sheared	 using	 a	 Covaris	 M220	
Focussed‐ultrasonicator	following	the	manufacturer's	protocols.	We	
used	1	µg	input	DNA	per	sample	and	a	target	peak	of	350	bases	in	
a	 sample	 volume	of	130	µl	 (Covaris	PN	520045).	Covaris	 settings	
included	42	s	duration,	peak	power	70,	duty	factor	20,	and	cycles	
per	burst	1,000.	The	sheared	 library	was	prepared	for	sequencing	
by	 strict	 adherence	 to	 the	 Illumina	Truseq	protocol.	The	prepared	
library	 was	 enriched	 via	 PCR	 amplification	 following	 the	 Ilumina	

F I G U R E  2  Location	map	of	
successfully	sequenced	samples	across	
the	study	area,	with	inset	of	the	Scotian	
Shelf.	Circles	indicate	a	sample;	colors	
indicate	population:	Red—Northern	
Labrador,	green—Southern	Labrador,	
pink—Newfoundland,	orange—Iceland,	
light	blue—Scotian	Shelf,	dark	blue—Davis	
Strait,	and	light	green—Stranding
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Truseq	 protocols	 and	 sequenced	 using	 an	 Illumina	Miseq	Reagent	
Kit	v2	(500‐cycles).

We	 used	MSATCOMMANDER	 (Faircloth	 2008)	 to	 identify	mi‐
crosatellites	containing	sequences	and	design	PCR	primers.	Search	
criteria	 included	a	minimum	of	10	 repeats	 for	 trinucleotide	motifs	
and	 a	minimum	 of	 20	 for	 dinucleotide	 repeats	 with	 target	 ampli‐
con	 lengths	between	70	and	130	bp.	This	amplicon	size	allows	us	
to	 sequence	 the	 PCR	 products	 using	 Illumina	 MiSeq	 Reagent	 v3	
(150‐cycle)	kits	in	a	single	150	base	read	length.	While	longer	reads	
lengths	are	possible,	the	150‐base	read	length	was	cost‐effective,	so	
we	designed	amplicons	with	this	in	mind.

We	tested	96	 loci:	87	newly	developed	 loci	and	8	“legacy”	 loci	
previously	used	by	Dalebout	et	al.	(2006),	and	one	sex‐determining	
locus	 (CET‐SEX;	Konrad,	Dupuis,	Gero,	&	Frasier,	2017).	Loci	were	
initially	 vetted	versus	 four	 samples	 in	 three	PCRs	each	containing	
32	multiplexed	loci	per	sample	using	Qiagen	Multiplex	PCR	Kit	re‐
agent.	Microsatellite	 alleles	were	 evaluated	 following	 allele	 calling	
with	 the	 software	MEGASAT	 (Zhan	 et	 al.,	 2017,	 see	 below).	 Loci	
were	dropped	if	they	failed	to	amplify,	amplified	more	than	two	al‐
leles,	or	had	evidence	of	null	alleles.	We	retained	58	loci	for	further	
investigation.	Of	the	eight	legacy	loci	(see	Dalebout	et	al.,	2006),	we	
dropped	six	for	failing	the	criteria	listed	above.	It	is	worth	noting	that	
“legacy”	loci	were	originally	designed	for	imaging	on	electrophoretic	
systems,	generally	with	an	amplicon	size	that	exceeds	150	base	read	
length.	While	it	is	not	always	possible	to	design	new	priming	sites	to	
convert	a	 legacy	 locus	to	an	NGS	locus,	 it	can	sometimes	be	done	
with	 additional	 investment;	 however,	 here	 we	 considered	 58	 loci	
sufficient.	We	ran	these	loci	versus	a	larger	set	of	samples	(n	=	153)	
to	 further	evaluate	their	performance,	dropping	 loci	which	proved	
invariant	or	amplified	unreliably.	We	retained	49	loci	for	data	collec‐
tion	and	analyses	(Appendix	S1).

2.4 | Library preparation and allele scoring

Sequencing	 libraries	 were	 prepared	 using	 two	 sequential	 PCRs.	
Microsatellite‐specific	oligonucleotides	were	designed	with	a	5′	tail	
specific	 to	 the	 Illumina	 sequencing	 primers.	 That	 is,	 each	 left‐mi‐
crosatellite‐specific	oligo	was	 tailed:	CCCTACACGACGCTCTTCCG	
ATCT	 and	 each	 right‐microsatellite‐specific	 oligo	 was	 tailed:	
GTTCAGACGTGTGCTCTT	 CCGATCT.	 These	 oligos	 were	 used	 in	
multiplex	PCRs	to	amplify	the	specific	microsatellite	loci.	Multiplex	
PCRs	were	pooled	per	sample,	diluted	10‐fold	in	water,	and	used	as	
template	for	the	index	PCR.	The	oligonucleotides	in	the	index‐PCR	
prime	from	the	tail	 sequences	above,	and	 include	a	unique	6‐base	
“index”	sequence	plus	the	 Illumina	adapter	sequence	which	allows	
the	resulting	DNA	fragment	to	bind	to	the	flow	cell	in	the	sequence	
step.	 Thus,	 the	 index‐PCR	 step	 adds	 unique	 index	 (=barcode)	 se‐
quences,	allowing	each	individual	to	be	demultiplexed	from	the	se‐
quence	output,	the	only	limitation	being	the	number	of	unique	index	
combinations	 available	 and	 the	 desired	 depth	 of	 sequencing	 per	
sample.	Following	the	index	PCR,	samples	were	pooled	into	libraries	
(1	μl	of	PCR	product	per	sample)	for	sequencing.	The	resulting	librar‐
ies	were	sequenced	using	Illumina	MiSeq	Reagent	Kit	v3	(150‐cycle).

Libraries	were	loaded	with	a	target	depth	of	500	reads	per	sam‐
ple	per	locus.	We	chose	this	target	as	a	trade‐off	between	exceeding	
a	minimum	depth	threshold	of	50	reads	(per	sample	per	locus)	in	the	
weakly	amplifying	loci	versus	total	sequencing	cost	per	sample.	We	
used	Megasat	(Zhan	et	al.,	2017)	with	default	allele‐calling	parame‐
ters,	an	allowable	mismatch	of	2	and	a	minimum	depth	threshold	of	
50	reads.	MEGASAT	output	histograms	were	examined	to	verify	the	
allele	calls,	and	problem	loci	were	manually	edited	when	necessary.

2.5 | Mitogenome sequencing and assembly

We	prepared	a	genomic	library	for	each	sample	by	shearing	the	ex‐
tracted	DNA,	attaching	sequencing	adapters	to	the	DNA	fragments,	
and	 shotgun	 sequencing	 following	 the	 methods	 of	 Therkildsen	
and	Palumbi	 (2017).	Preliminary	 sequencing	was	performed	on	an	
Illumina	MiSeq	 at	 Dalhousie	 University.	 Once	 the	 sequencing	 ap‐
proach	was	optimized,	we	conducted	additional	sequencing	using	an	
Illumina	HiSeq	platform	at	Genome	Québec.

We	used	a	custom	pipeline	in	R	(R	Core	Team,	2018)	to	 isolate	
mtDNA	fragments	for	each	individual	and	assemble	them	into	com‐
plete	 mitogenomes.	 We	 simultaneously	 trimmed	 Illumina	 adapter	
sequences	 from	 all	 reads	 and	 applied	 stringent	 thresholds	 for	 se‐
quence	quality	at	leading	and	trailing	bases	(Q‐score	>	25)	and	over	a	
sliding	window	of	4	bases	(average	Q‐score	>	23)	using	Trimmomatic	
v0.38	(Bolger,	Lohse,	&	Usadel,	2014).	We	mapped	reads	from	each	
sample	to	an	H. ampullatus	reference	sequence	(GenBank	Accession:	
NC_005273_1)	 using	 the	 Bowtie2	 v2.3.4.2	 aligner	 (Langmead	 &	
Salzberg,	2012).	We	then	performed	an	iterative	assembly	process	
with	MIRA	v4.0.2	(Chevreux,	Wetter,	&	Suhai,	1999),	first	creating	
a	 draft	 guided	 assembly	 for	 each	 sample	 using	 the	H. ampullatus 
reference	mitogenome	and	calculating	intermediate	statistics	of	as‐
sembly	performance.	Because	guided	assembly	can	lead	to	miscalled	
insertion	 and	deletion	 variants,	we	 then	performed	de	novo	draft	
assembly	with	MIRA	for	samples	that	passed	an	initial	completeness	
threshold	of	95%.	For	samples	passing	guided	assembly	but	failing	
de	novo	assembly,	the	guided	draft	assembly	was	passed	to	the	next	
step	in	the	pipeline	and	manually	inspected	for	errors	at	the	end	of	
the	assembly	process.	To	account	for	overhanging	genome	ends	that	
result	 from	assemblers	 treating	 circular	mitochondrial	 genomes	as	
linear,	we	split	draft	assemblies	at	the	beginning	of	the	mitochondrial	
control	region	and	merged	these	sequences	based	on	their	overlap,	
creating	draft	mitochondrial	genomes	of	consistent	length.	To	iden‐
tify	errors	in	each	assembly,	we	remapped	reads	from	each	sample	
to	the	corresponding	assembly	with	Bowtie2	and	used	Pilon	v1.22	
(Walker	et	al.,	2014)	to	correct	miscalled	bases,	fill	gaps,	and	identify	
ambiguous	bases	using	read‐based	evidence.

2.6 | Genetic variation

2.6.1 | Microsatellites

We	calculated	indices	of	genetic	variation	for	each	regional	group	and	
overall	using	Hierfstat	v0.04.26	 (Goudet,	2005),	 including	number	
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of	alleles,	Simpson's	index	of	allelic	diversity,	Ho,	He,	and	inbreeding	
coefficients	(FIS).	We	tested	for	linkage	equilibrium	(Agapow	&	Burt,	
2001)	among	microsatellite	loci	using	Poppr	v2.8.0	(Kamvar,	Brooks,	
&	Grünwald,	2015).	We	tested	for	deviations	from	Hardy–Weinberg	
equilibrium	 (HWE)	 for	 each	 locus	 by	 population	 and	 overall	 using	
Pegas	v0.10	(Paradis,	2010).

2.6.2 | Relatedness

To	assess	whether	kinship	can	be	evaluated	using	microsatellite	data,	
we	estimated	Wang's	coefficient	of	relatedness	between	all	pairs	of	
individuals	with	95%	confidence	 intervals	and	maximum	likelihood	
estimates	of	inbreeding	within	populations	using	Related	v1.0	(Pew,	
Muir,	Wang,	&	Frasier,	2015).

2.6.3 | Mitogenomes

After	removing	technical	replicates	and	duplicates	from	multiple	en‐
counters	of	the	same	individuals,	we	calculated	nucleotide	diversity,	
private	haplotypes,	and	Tajima's	D	using	Pegas	v0.10	(Paradis,	2010)	
and	custom	functions	for	each	group	and	overall.	We	constructed	a	
phylogenetic	tree	based	on	Kimura	2‐parameter	distances	(Kimura,	
1980)	 using	 a	 neighbor‐joining	 algorithm	 in	 Ape	 v5.0	 (Paradis,	
Claude,	&	Strimmer,	2004),	 rooted	with	 the	outgroup	Ziphius cavi‐
rostris	 (Morin,	 Duchene,	 Lee,	 Durban,	 &	 Claridge,	 2013;	 GenBank	
accession:	KC776706.1).	We	evaluated	node	support	by	performing	
1,000	bootstrap	replicates.	We	inferred	an	unrooted	haplotype	net‐
work	using	a	median‐joining	algorithm	(Templeton,	Crandall,	&	Sing,	
1992)	implemented	in	Pegas	v0.10.

2.7 | Population structure

2.7.1 | Genetic differentiation among 
stratified samples

To	determine	whether	sampled	regions	were	genetically	differenti‐
ated	while	 accounting	 for	 temporal	 variation	 in	 sampling	 time,	we	
performed	analyses	of	molecular	variance	(AMOVAs)	with	samples	
stratified	by	region	and	year	collected	using	Ade4	v1.7‐13	(Dray	&	
Dufour,	2007).	We	tested	for	significant	differentiation	using	1,000	
permutations	based	on	genetic	distance	from	allele	frequencies	(FST)	
for	microsatellites	and	Kimura	2‐parameter	corrected	distances	(ΦST)	
for	mitogenomes	(Excoffier,	Smouse,	&	Quattro,	1992).

2.7.2 | Bayesian clustering

To	 infer	 the	 number	 of	 genetic	 clusters	 in	 northern	 bottlenose	
whales	 and	 their	 spatio‐temporal	 distributions,	 we	 performed	
Bayesian	 clustering	 of	 microsatellite	 genotypes	 using	 Structure	
v2.3.4	 (Falush,	 Stephens,	 &	 Pritchard,	 2007;	 Pritchard,	 Stephens,	
Rosenberg,	&	Donnelly,	2000).	We	used	an	admixture	model	with	
correlated	allele	frequencies	to	allow	for	mixed	ancestry	of	individu‐
als	between	genetic	clusters.	To	account	for	differences	 in	sample	

sizes	and	the	expectation	that	both	sampling	location	and	year	may	
be	informative	about	ancestry,	we	used	location–year	groups	as	pri‐
ors	(Hubisz,	Falush,	Stephens,	&	Pritchard,	2009;	Wang,	2017).	We	
averaged	 model	 log‐likelihoods	 and	 individual	 assignment	 coeffi‐
cients	over	10	runs	of	100,000	steps	following	a	burn‐in	of	100,000	
steps	for	each	value	of	k	from	1	to	5	and	determined	the	best	value	
of	k	using	the	ΔK	method	(Evanno,	Regnaut,	&	Goudet,	2005).

2.7.3 | Sex‐biased dispersal

To	assess	whether	sex‐biased	dispersal	influences	population	struc‐
ture,	we	conducted	Bayesian	clustering	separately	for	each	sex	with	
Structure	v2.3.4	and	compared	distributions	of	the	estimated	asso‐
ciation	between	loci	(i.e.,	linkage	disequilibrium	estimate	rd;	Agapow	
&	Burt,	2001)	using	Poppr	v2.8.0	(Kamvar	et	al.,	2015).

2.7.4 | Assignment tests

To	determine	whether	individuals	recently	sampled	in	Newfoundland,	
Southern	 Labrador,	 the	Davis	 Strait,	 or	 from	 strandings	 represent	
migrants	 from	 the	 Northern	 Labrador	 or	 Scotian	 Shelf,	 we	 con‐
ducted	 individual	 assignment	 based	 on	 reporting	 groups	 using	 a	
Bayesian	 approach	 with	 Rubias	 (Anderson	 &	 Moran,	 2018).	 We	
defined	 Northern	 Labrador	 and	 Scotian	 Shelf	 regions	 as	 report‐
ing	groups	based	on	results	of	Dalebout	et	al.	(2006)	and	assessed	
the	accuracy	of	self‐assignment	to	these	groups	as	 the	proportion	
of	 correctly	 assigned	 individuals	using	a	 leave‐one‐out	 (Anderson,	
Waples,	&	Kalinowski,	2008).	We	explicitly	tested	whether	individu‐
als	might	not	belong	to	either	reporting	group,	using	a	Bayesian	pos‐
terior	probability	of	assignment	to	0.70	to	minimize	the	potential	for	
type	I	error	(following	Vähä	et	al.,	2011).

2.8 | Trends in effective population size and 
demographic reconstruction

We	 estimated	 Ne	 using	 the	 linkage	 disequilibrium	 method	 of	
Waples	and	Do	(2008),	as	 implemented	in	NeEstimator	V2.1	(Do	
et	 al.,	 2014).	 To	 infer	 the	 demographic	 histories	 and	 evolution‐
ary	 trajectories	 of	 genetically	 distinct	 populations,	 we	 used	mi‐
togenomes	 to	 construct	 extended	 Bayesian	 skyline	 plots	 using	
BEAST	v2.4.5	 (Bouckaert	et	 al.,	2014;	Drummond,	Suchard,	Xie,	
&	 Rambaut,	 2012).	 Bayesian	 skyline	 analysis	 assumes	 panmixia	
among	 individuals,	 and	we	 therefore	 analyzed	 the	 Scotian	 Shelf	
separately	 from	 all	 other	 samples	 based	 on	 clustering	 analy‐
ses	 from	microsatellites	 and	 the	 regional	 structure	 identified	 by	
AMOVA	for	mitogenomes.	We	used	a	strict	molecular	clock	model	
of	 1.73	 ×	 10–8	 subs/site/year	 based	 on	 the	mean	mitochondrial	
substitution	rate	in	Cetacea	(Ho	&	Lanfear,	2010),	with	the	popula‐
tion	model	parameter	set	to	0.5	to	account	for	matrilineal	inherit‐
ance	of	mitochondrial	DNA.	To	determine	 the	best	evolutionary	
model	 for	 mitogenomes,	 we	 first	 ranked	 substitution	 models	
using	bModelTest	v0.3.2	 (Bouckaert	&	Drummond,	2017)	with	a	
MCMC	chain	of	10,000,000	states.	The	best	model	was	HKY	with	

info:ddbj-embl-genbank/KC776706.1
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invariable	sites	 (mean	proportion	=	0.66)	and	 rate	heterogeneity	
(mean	shape/rates	=	0.2351),	which	we	used	with	rate	and	shape	
estimates	as	priors	for	all	subsequent	analyses.	For	the	extended	
Bayesian	skyline	analyses,	we	ran	a	chain	of	100,000,000	states,	
sampling	 every	 5,000	 states.	We	 assessed	 convergence	 in	 each	
analysis	 by	 comparing	 posterior	 distributions	 in	 Tracer	 v1.6	 and	
assessing	the	effective	sample	size	(ESS	>	200)	for	each	estimated	
parameter.

3  | RESULTS

3.1 | DNA extraction and microsatellite validation

DNA	obtained	from	older	tissues	was	of	variable	quality,	and	DMSO‐
preserved	 skin	 tissues	 tended	 to	yield	high‐quality	DNA,	whereas	
yields	 from	 historical	 gum	 samples	were	 poorer,	 both	 in	 terms	 of	
DNA	quantity	and	quality.

The	 average	 number	 of	 microsatellite	 loci	 successfully	 geno‐
typed	was	46.4	for	northern	bottlenose	whale	samples	and	34.8	for	
other	beaked	whale	species.	The	success	or	failure	of	all	microsatel‐
lite	amplifications	and	summary	statistics	such	as	numbers	and	sizes	
of	alleles	and	observed	and	expected	heterozygosities	for	variable	
primer	pairs	 that	 reliably	 amplified	 is	 included	 in	Appendix	S1.	Of	
the	58	loci	tested,	only	37	microsatellite	loci	were	scored	unambigu‐
ously	for	the	majority	of	northern	bottlenose	whale	samples	and	had	
variation	(Table	1;	Appendix	S1),	with	<1%	missing	data	per	region.	
The	other	21	loci,	including	legacy	loci,	were	discarded	due	to	poor	
amplification	or	lack	of	variation.

3.2 | Genetic variation

3.2.1 | Microsatellites

Microsatellite	 diversity	 at	 the	 37	 loci	 included	 in	 population	 anal‐
yses	 was	 low,	 with	 a	 maximum	 of	 8	 and	 mean	 of	 3.4	 alleles	 per	
locus	 (Appendix	 S1).	 Despite	 this	 low	 diversity,	 the	 probability	 of	

encountering	 an	 identical	 genotype	 across	 all	 37	 loci	 more	 than	
once	by	chance	is	2.68	×	10–13,	 indicating	a	high	power	to	identify	
individuals	by	genotype.	We	recovered	seven	genotypes	that	were	
sampled	twice,	representing	replicate	samples	from	the	same	indi‐
viduals.	One	of	 these	was	a	male	encountered	 twice	during	a	 sin‐
gle	sampling	period	in	2018	in	Davis	Strait.	The	remaining	six	were	
within	 the	 Scotian	 Shelf	 region.	 Sample	 metadata	 and	 genotypes	
from	the	older	instance	of	each	resampled	individual	were	excluded	
from	subsequent	analyses.

Two	 microsatellites	 (Hyam‐108	 and	 Hyam‐114)	 deviated	 from	
Hardy–Weinberg	equilibrium	across	 the	entire	dataset	 (p	 <	 .01),	 and	
within	Scotian	Shelf	 (p	=	 .004)	and	Northern	Labrador	 (p	=	 .005)	re‐
gions,	exhibiting	homozygote	excess.	Across	all	samples,	there	was	no	
evidence	of	linkage	disequilibrium	between	pairs	of	microsatellite	loci.	
When	 subdivided	 by	 region,	 samples	 from	 the	 Scotian	 Shelf	 signifi‐
cantly	deviated	from	independent	assortment	(rd =	0.0114,	p	=	.001).	
This	was	due	to	a	distribution	of	rd	with	higher	than	expected	values	
across	all	pairs	of	loci	rather	than	strong	association	between	a	small	
number	of	loci,	suggesting	that	deviation	from	independent	assortment	
results	from	demographic	processes	such	as	inbreeding,	restricted	con‐
nectivity,	or	genetic	bottlenecks,	 rather	 than	physical	 linkage	among	
microsatellite	loci	(Smith,	Smith,	O'Rourke,	&	Spratt,	1993).

The	mean	of	all	comparisons	for	relatedness	(rw	=	−0.0304)	was	
normally	distributed	and	not	significantly	different	from	zero,	with	the	
mean	range	of	95%	confidence	intervals	(rw− hight− rw− low	=	0.7267)	
spanning	values	expected	for	both	kin	and	unrelated	pairs.	While	it	
is	likely	that	we	sampled	related	pairs	of	individuals	on	the	Scotian	
Shelf,	 the	 wide	 distributions	 of	 relatedness	 estimate	 confidence	
intervals	 indicate	 that	 these	 microsatellite	 data	 have	 insufficient	
power	to	resolve	close	kin	relationships	among	individuals.

Levels	 of	microsatellite	 diversity	were	 similar	 for	 each	 region.	
For	each	population	and	over	all	data,	 inbreeding	coefficients	 (FIS)	
did	not	differ	significantly	from	zero,	and	maximum	likelihood	esti‐
mates	of	inbreeding	did	not	differ	significantly	among	populations.	
Simpson's	diversity	index	ranged	from	0.35	(North	Iceland)	to	0.39	
(Newfoundland),	and	observed	heterozygosity	(Ho)	ranged	from	0.34	

TA B L E  1  Genetic	diversity	of	northern	bottlenose	whale,	Hyperoodon ampullatus

Region

Mitogenomes

π N NP
Haplotype 
diversity

Microsatellites
Number 
of alleles

Allelic 
diversity

Mean 
Ho

Mean 
He

Private 
allelesn (M:F:I) n (M:F:I)

North	Iceland
(1967)

5	(3:2) 0.00072 5 1 1.00 7	(3:4) 2.3784 0.3546 0.3430 0.3546 1

Davis	Strait	(2017–2018) 8	(6:1:1) 0.00114 7 3 0.96 8(6:1:1) 2.5135 0.3688 0.4005 0.3688 1

Northern	Labrador	(1971) 53	(33:19:1) 0.00096 36 26 0.98 67	(37:29:1) 3.1081 0.3825 0.3800 0.3825 6

Southern	Labrador	(2003) 3	(2:1) 0.00094 3 1 1.00 3	(2:1) 2.0270 0.3288 0.3784 0.3288 1

Newfoundland	(2016–17) 10	(5:5) 0.00103 10 6 1.00 12	(7:5) 2.6486 0.3861 0.3896 0.3861 1

Scotian	Shelf	(1996–2016) 47	(23:24) 0.00058 15 8 0.87 54	(26:28) 2.8649 0.3837 0.3755 0.3837 4

Stranded	(1994–1997) 2	(2:0) 0.00000 1 1 0.00 2	(2:0) 1.9459 0.3547 0.4459 0.3547 0

All 128	(74:52:2) 0.00078 60 NA 0.97 153	(83:68:2) 3.3514 0.3912 0.3796 0.3912 NA

Note: n	=	number	of	samples,	M	=	Male,	F	=	Female,	I	=	undetermined	sex,	π	=	nucleotide	diversity,	N	=	number	of	haplotypes,	NP	=	number	of	haplo‐
types	unique	to	a	region.	Mean	number	of	alleles	(allelic	richness),	Simpson's	allelic	diversity,	Ho	=	observed	heterozygosity,	He	=	expected	heterozy‐
gosity,	alleles	unique	to	each	region.
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(North	Iceland)	to	0.40	(Davis	Strait).	Out	of	124	alleles	found	across	
all	microsatellite	loci,	only	14	were	private	or	found	in	only	one	re‐
gion.	Most	of	 these	were	 found	 in	Northern	Labrador	 (private	al‐
leles	=	6)	or	Scotian	Shelf	(private	alleles	=	4).	All	private	alleles	were	
rare	(mean	frequency	=	0.0040;	maximum	frequency	=	0.0131).

3.2.2 | Mitogenomes

Whole	mitochondrial	genomes	were	successfully	assembled	for	128	
individuals,	with	110	variable	sites	over	all	samples	(Feyrer,	Bentzen,	
Whitehead,	Patterson,	&	Einfeldt,	2019).	The	eight	individuals	iden‐
tified	 as	 repeat	 samples	 using	 microsatellites	 were	 confirmed	 to	
have	identical	mitogenome	sequences	and	were	excluded	from	fur‐
ther	analyses.	Only	one	mutation	caused	a	nonsynonymous	change	
in	amino	acid	product,	with	alternate	states	coding	for	tyrosine	or	
cysteine	in	the	coding	region	for	NADH	dehydrogenase	subunit	6.

Range‐wide	 mitogenome	 nucleotide	 diversity	 was	 low	
(π	 =	 0.00078).	 Regionally,	 nucleotide	 diversity	 was	 lowest	 in	 the	
Scotian	 Shelf	 (π	 =	 0.00058),	 with	 only	 15	 unique	 mitogenome	 se‐
quences	recovered	from	47	individuals.	Northern	Labrador	(n	=	53)	had	
the	most	haplotypes	not	found	in	any	other	region	(NP	=	26)	and	had	
60%	(N	=	36/60)	of	the	unique	mitogenome	sequences	found	in	this	
study.	Every	mitogenome	sequence	from	Newfoundland	was	distinct	
(n	=	10;	N	=	10),	and	60%	of	these	were	not	found	 in	other	regions	
(NP	=	6).	A	bootstrapped	phylogenetic	tree	of	mitogenomes	resolved	
several	major	branches	within	H. ampullatus	that	were	represented	in	
all	sampling	regions.	Out	of	the	60	mitogenome	haplotypes,	14	were	
found	in	at	least	two	regions	(Figures	3	and	4).	Tajima's	D	was	only	sig‐
nificant	when	considering	all	samples	(D =	−1.88;	p	=	.034)	and	was	not	
significant	in	any	individual	sampling	region.

3.3 | Population structure

3.3.1 | Genetic differentiation among regions

Analyses	of	molecular	variance	(AMOVA)	revealed	low	but	signifi‐
cant	population	structure	for	microsatellites	(FST	=	0.013,	p	=	.001).	
Variation	among	regions	(Φregion‐total	=	0.013,	p	=	.0010)	for	micro‐
satellites	and	for	mitogenomes	 (Φregion‐total	=	0.055,	p	=	 .015)	was	
higher	 than	 expected	 at	 random	 (Table	 2).	 Pairwise	 comparisons	
of	 differentiation	 between	 Scotian	 Shelf,	 Northern	 Labrador,	
Southern	 Labrador,	 Newfoundland,	 Davis	 Strait,	 and	 Iceland	 did	
not	 identify	which	regions	might	drive	population	structure,	with	
the	only	 significant	values	of	FST	 for	microsatellites	detected	be‐
tween	the	two	regions	with	small	sample	sizes,	North	Iceland	and	

F I G U R E  3   Hyperoodon ampullatus	mitogenome	neighbor‐
joining	tree	from	Kimura	2‐parameter	distances	with	bootstrap	
support	(1,000	replicates).	Region,	year(s)	sampled,	and	sex	of	
each	individual	specified,	with	tip	color	corresponding	to	region.	
Red—Northern	Labrador,	green—Southern	Labrador,	pink—
Newfoundland,	orange—Iceland,	light	blue—Scotian	Shelf,	dark	
blue—Davis	Strait,	and	light	green—Stranding
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Southern	Labrador	(modern)	(FST	=	0.0707;	p	=	.0490)	and	no	sig‐
nificant	pairwise	ΦST	(based	on	Kimura	2‐parameter	distances)	for	
mitogenomes	 detected	 in	 any	 pairwise	 comparisons	 of	 regions.	
However,	 AMOVA	 of	 Scotian	 Shelf	 against	 all	 other	 individuals	
grouped	 together	 showed	 significant	 regional	 structure	 for	 both	
microsatellites	(Φregion‐total	=	0.018,	p	=	.0010)	and	mitogenome	data	
(Φregion‐total	=	0.047,	p	=	.02).

3.3.2 | Bayesian clustering

To	 assess	 population	 structure	while	 accounting	 for	 potential	 dif‐
ferences	between	both	the	 locations	and	years	that	samples	were	
collected	in,	we	performed	Bayesian	clustering	of	microsatellite	data	
in	Structure	with	sampling	units	defined	by	location–year.	The	high‐
est	–log	Pr(X|k)	estimates	across	10	replicate	runs	for	each	value	of	k 

from	1	to	5	were	at	k	=	2,	and	the	ΔK	method	identified	the	highest	
rate	of	change	in	–log	Pr(X|k)	estimates	for	k	=	2.	Assignment	prob‐
abilities	of	individuals	separated	genetic	clusters	entirely	by	sample	
location	rather	than	year	(Figure	5),	with	clustering	for	k	=	2	distin‐
guishing	 individuals	 from	 the	Scotian	Shelf	 samples	 from	all	 other	
individuals.	Subsequent	runs	of	only	individuals	from	the	Northern	
region	 did	 not	 detect	 any	 finer	 substructure	 within	 our	 samples.	
Two	individuals	from	the	Scotian	Shelf	(a	female,	NBW07‐2015	and	
a	 male,	 HamSH96‐01)	 had	 a	 lower	 assignment	 coefficient	 to	 the	
Scotian	Shelf	cluster	(Q1F	=	0.4728,	Q1M	=	0.3071)	than	for	the	other	
cluster	 (Q2F	 =	 0.5272,	Q2M	 =	 0.6929),	 suggesting	 they	may	 be,	 or	
descend	from,	recent	migrants	into	the	Scotian	Shelf	from	another	
region.	 Both	 samples	 from	 stranded	 individuals	 in	 the	 Gulf	 of	 St.	
Lawrence	had	ambiguous	clustering	results	and	could	not	be	reliably	
assigned	to	a	source	location	from	the	STRUCTURE	results.

F I G U R E  4  Median‐joining	network	
of	Hyperoodon ampullatus	mitogenome	
haplotypes.	Circles	represent	haplotypes,	
colors	correspond	to	sampling	region,	
lines	and	hash	marks	depict	number	of	
sites	differing	between	haplotypes,	and	
circle	area	is	proportional	to	number	
of	samples	for	each	haplotype.	Red—
Northern	Labrador,	green—Southern	
Labrador,	pink—Newfoundland,	orange—
Iceland,	light	blue—Scotian	Shelf,	dark	
blue—Davis	Strait,	and	light	green—
Stranding
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3.3.3 | Sex‐biased dispersal

If	dispersal	is	unequal	between	sexes,	the	more	dispersive	sex	is	ex‐
pected	to	have	less	genetic	structure	and	lower	levels	of	association	
between	loci	(i.e.,	linkage	disequilibrium)	than	the	more	philopatric	
sex.	We	did	not	 find	significant	differences	between	 the	distribu‐
tions	 of	 estimates	 of	 linkage	 disequilibrium	 among	microsatellites	
in	females	 (rd	=	0.0039;	p	=	 .064)	or	males	 (rd	=	0.0017;	p	=	 .206).	
STRUCTURE	assignment	indices	identified	geographic	structure	be‐
tween	Scotian	Shelf	and	all	other	regions	in	males	but	not	females.	
This	suggests	that	female	northern	bottlenose	whales	may	be	more	
dispersive,	in	contrast	to	the	general	male	bias	pattern	of	mammals	

(Mabry,	 Shelley,	 Davis,	 Blumstein,	 &	 Vuren,	 2013).	 However,	 the	
larger	sample	size	for	males	(84)	than	females	(70)	could	influence	
the	ability	to	detect	structure	among	females.	The	contrasting	re‐
sults	from	STRUCTURE	and	estimates	of	linkage	disequilibrium	sug‐
gest	 that	 the	microsatellite	data	may	not	have	adequate	power	to	
assess	whether	there	is	sex‐biased	dispersal	in	H. ampullatus.

3.3.4 | Assignment tests

Self‐assignment	of	individuals	sampled	in	Scotian	Shelf	and	Northern	
Labrador	had	87.7%	accuracy	using	a	leave‐one‐out	approach	over‐
all,	with	85.1%	accuracy	in	Northern	Labrador	and	90.9%	accuracy	

TA B L E  2  AMOVA	results	for	microsatellites	and	mitogenomes	between	and	within	regions	for	Hyperoodon ampullatus	in	the	NW	Atlantic

Microsatellites

~regions (all) Variance proportion  Φ HA p

Between	region 1.2956 Phi‐region‐total 0.0130 Greater .0010

Between	samples	within	region 2.5027 Phi‐samples‐region 0.0254 Greater .0609

Within	samples 96.2017 Phi‐samples‐total 0.0380 Less .0190

~regions (Scotian shelf vs. others) Variance proportion  Φ HA p

Between	region 1.8118 Phi‐region‐total 0.0181 Less .0140

Between	samples	within	region 2.5273 Phi‐samples‐region 0.0257 Greater .0619

Within	samples 95.6609 Phi‐samples‐total 0.0434 Greater .0010

Mitogenomes

~regions (all) Variance proportion  Φ HA p

Between	region 5.4829 Phi‐region‐total 0.0548 Greater .0150

Between	samples	within	region −2.9998 Phi‐samples‐region −0.0317 Greater .2957

Within	samples 97.5170 Phi‐samples‐total 0.0248 Less .2468

~regions (Scotian shelf vs. others) Variance proportion  Φ HA p

Between	region 4.7047 Phi‐region‐total 0.0470 Greater .0200

Between	samples	within	region −2.6363 Phi‐samples‐region −0.0277 Greater .7400

Within	samples 97.9315 Phi‐samples‐total 0.0207 Less .4500

Numbers	in	bold	indicate	significance	at	p	=	0.05

F I G U R E  5  Genetic	structure	assigned	to	individual	Hyperoodon ampullatus	using	STRUCTURE	with	location–year	group	(n	=	16)	priors	
for	k	=	2.	Location	of	sampling	along	the	x‐axis	and	timeline	of	sampling	below.	Red—Northern	Labrador,	green—Southern	Labrador,	pink—
Newfoundland,	orange—Iceland,	light	blue—Scotian	Shelf,	dark	blue—Davis	Strait,	and	light	green—Stranding
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in	 Scotian	 Shelf.	 Assignment	 of	 individuals	 sampled	 outside	 these	
reporting	 group	 areas	 revealed	 substantial	 affinity	 to	 Northern	
Labrador	and	the	potential	for	intermediate	genotypes	or	presence	
of	 unidentified	 baseline	 reporting	 units.	 Of	 the	 three	 individuals	
from	Southern	Labrador,	two	were	assigned	to	Northern	Labrador,	
and	one	was	not	assigned	to	a	reference	group.	Of	the	12	individuals	
from	Newfoundland,	seven	were	assigned	to	Northern	Labrador,	one	
was	assigned	to	Scotian	Shelf,	and	four	were	not	assigned	to	a	refer‐
ence	group.	Of	the	eight	individuals	from	Davis	Strait,	only	two	were	
assigned	to	Northern	Labrador	and	six	were	not	assigned	to	a	refer‐
ence	group.	Of	the	seven	individuals	from	Iceland,	six	were	assigned	
to	Northern	Labrador	and	one	was	not	assigned	to	a	reference	group.	
Neither	of	the	two	strandings	were	assigned	to	a	reference	group.

3.4 | Effective population size and demographic 
reconstruction

Estimates	of	effective	population	size	 (Ne)	 in	each	 region	had	 infi‐
nite	upper	bounds	of	95%	confidence	intervals	for	all	regions	except	
Scotian	Shelf	(Ne	=	54.8;	95%	CI	=	43.0–72.7),	reflecting	limited	statis‐
tical	power	to	estimate	upper	bounds.	The	lower	95%	CI	bounds	for	
Northern	Labrador	(Ne	=	495.1;	95%	CI	=	212.1‐infinite)	were	higher	
than	the	upper	bound	for	Scotian	Shelf.	Estimates	for	Newfoundland	
(Ne	=	infinite;	95%	CI	=	47.8‐infinite),	Davis	Strait	(Ne	=	infinite;	95%	
CI	 =	 24.1‐infinite),	 and	 Iceland	 (Ne	 =	 infinite;	 95%	 CI	 =	 18.4‐infi‐
nite)	 overlapped	with	 estimates	 for	 the	 Scotian	 Shelf.	 Due	 to	 the	
low	 statistical	 power	 caused	 by	 having	 only	 three	 samples	 from	
Southern	Labrador,	all	estimates	of	Ne	for	this	region	were	infinite.	
Estimates	 for	Davis	Strait,	Northern	Labrador,	 Southern	Labrador,	
and	Newfoundland	combined	(Ne	=	1604.4;	95%	CI	=	409.5‐infinite)	
were	higher	than	for	each	region	separately.

Demographic	 reconstructions	 differed	 for	 the	 Scotian	 Shelf	
population	and	the	group	consisting	of	all	other	samples	(hereafter:	
Northern	region).	Because	neither	group	is	monophyletic,	both	are	
expected	to	have	similar	ranges	for	their	time	to	most	recent	com‐
mon	ancestor	(TMRCA).	Consistent	with	this	expectation,	the	esti‐
mated	TMRCA	for	the	Northern	region	was	47.4	kya	(95%	Highest	
Posterior	Density	Interval	(HPDI):	32.8–61.5	kya),	and	the	estimated	
TMRCA	for	Scotian	Shelf	was	46.6	kya	(95%	HPDI:	34.1–61.3	kya).	
The	 skyline	 analysis	 for	 the	Northern	 region	 shows	 an	 increasing	
trend	 from	 the	 estimated	 time	 of	 the	 last	 glacial	maximum	 (19.0–
26.5	 kya)	 to	 present	 times	 (Figure	 6a).	 In	 contrast,	 the	 extended	
Bayesian	 skyline	 analysis	 of	 Scotian	 Shelf	 shows	 a	 relatively	 con‐
stant	population	size	throughout	the	last	glacial	maximum,	followed	
by	a	 sharp	decline	 sometime	 in	 the	 last	 two	centuries	 (Figure	6b).	
The	maximum	rate	of	decline	occurs	~350	years	ago,	and	estimates	
of	effective	population	size	reach	a	minimum	value	~180	years	ago.	
The	95%	central	posterior	density	interval	reached	a	minimum	range	
360	years	ago	and	increased	since	that	time.	While	median	estimates	
of	 effective	population	 size	 increase	 after	 the	minimum	value	ob‐
served	less	than	200	years	ago,	the	rapid	increase	of	the	95%	central	
posterior	density	intervals	for	years	following	the	minimum	accom‐
modate	both	stable,	 increasing,	and	decreasing	trends	of	effective	

population	size.	This	suggests	that	whole	mitogenomes	provide	in‐
sufficient	power	to	resolve	trends	in	effective	population	size	since	
the	decline.

4  | DISCUSSION

Understanding	 the	 impact	 of	 large‐scale	 removals	 on	 species	 re‐
covery	and	evolutionary	potential	ideally	involves	an	assessment	of	
a	range	of	demographic,	 life	history,	and	genetic	correlates	(Baker	
&	Clapham,	2004).	Because	rapid	declines	in	genetic	diversity	can	
pose	significant	risks	for	small	populations,	distinguishing	between	
naturally	 low	levels	of	genetic	variation	and	recent	genetic	deple‐
tion	is	important.	There	are	several	potential	causes	for	low	diver‐
sity	in	natural	populations,	including	life	history	attributes,	selective	
processes,	demographic	fluctuations,	and	exploitation	bottlenecks.	
However,	for	species	with	long	histories	of	exploitation,	such	as	ce‐
taceans,	 preharvest	 population	 structure	 or	 census	 size	 is	 poorly	
known,	 and	 typically	 few	 archival	 specimens	 are	 available	 to	 re‐
construct	genetic	 impacts	of	harvesting	 (but	see	Dufresnes	et	al.,	
2018;	Phillips	et	al.,	2013).	Consequently,	 studies	are	 increasingly	
reliant	on	contemporary	sample‐based	genetic	 reconstructions	 to	
identify	historical	bottlenecks,	assess	genetic	resilience	and	popu‐
lation	 recovery	 from	past	demographic	events,	and	estimate	spe‐
cies'	 evolutionary	 trajectories	 (Attard	 et	 al.,	 2015;	 Carroll	 et	 al.,	
2019;	 Emami‐Khoyi	 et	 al.,	 2018;	 Foote	 et	 al.,	 2016).	 As	we	 have	
outlined	earlier	there	are	a	number	of	reasons	that	Ne	and	current	
census	size	may	not	be	correlated,	the	uncertainty	surrounding	es‐
timates	of	Ne	 and	 ratios	applied	 to	 infer	 true	population	 size	 (Nc)	
is	well	 established	 (Palstra	 and	Fraser,	 2012).	Ne	 cannot	 be	 used	
as	a	metric	to	evaluate	the	impacts	of	harvesting	or	the	remaining	
evolutionary	 potential	 in	 a	 population	 (Palsbøll,	 Zachariah	 Peery,	
Olsen,	Beissinger,	&	Bérubé,	2013).	Methods	that	consider	trends	
in	 genetic	 diversity	 over	 time,	 such	 as	 Bayesian	 skyline	 and	 pair‐
wise	 sequentially	Markovian	 coalescent	 analyses,	 provide	 a	more	
useful	 historical	 context	 for	 interpreting	 currently	 observed	 pat‐
terns.	Understanding	conservation	status	should	be	informed	by	an	
appreciation	of	natural	 occurring	diversity,	 past	demography,	 and	
overall	trends	in	population	size,	which	contribute	to	a	species'	evo‐
lutionary	potential	and	resilience	to	genetic	risks.	 In	the	following	
sections,	we	evaluate	the	distinctions	between	northern	bottlenose	
whale	populations,	consider	the	processes	that	explain	their	demo‐
graphic	 trends,	 and	 outline	 the	 risks	 associated	with	 low	 genetic	
diversity	 in	 light	of	current	conservation	concerns	for	this	histori‐
cally	harvested	species.

4.1 | Low genetic diversity

We	 detected	 low	 overall	 diversity	 in	 both	 microsatellites	 and	 mi‐
togenomes	of	northern	bottlenose	whales,	 relative	 to	other	species	
of	cetaceans	based	on	a	comparative	study	by	Vachon	et	al.	 (2018),	
which	accounted	 for	differences	 in	allelic	 richness	between	micros‐
atellite	loci,	sample	size,	and	ascertainment	bias.	Range‐wide	genetic	
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diversity	 across	 the	 full	 mitogenome	 is	 π	 =	 0.00078	 (n	 =	 128),	 the	
lowest	 found	 for	 any	 cetacean;	 the	 next	 lowest	 is	 sperm	 whales	
(π	=	0.00096,	n	=	175;	Morin	et	al.,	2018).	This	is	consistent	with	H. 
ampullatus	having	the	lowest	known	mitochondrial	D‐loop	nucleotide	
diversity	across	27	species	of	Cetacea	for	which	this	metric	 is	avail‐
able	 (Whitehead	 et	 al.,	 2017).	 The	 reason	 for	 their	 low	 diversity	 is	
uncertain.	Studies	of	 closely	 related	and	ecologically	 similar	 species	
of	Cuvier's	and	Gray's	beaked	whales	found	higher	 levels	of	genetic	
diversity	 than	H. ampullatus	 and	no	 significant	 population	 structure	

within	 the	same	ocean	basin,	 though	studies	were	based	on	 limited	
mtDNA	data	 (290–590	bp)	 (Dalebout	et	al.,	2005;	Thompson	et	al.,	
2016).	Both	these	species	of	cetaceans	have	a	larger	global	distribu‐
tion	than	H. ampullatus,	suggesting	that	geographic	distribution	across	
multiple	 ocean	 basins	may	 promote	 genetic	 diversity,	which	 is	 sup‐
ported	by	other	studies	that	detected	a	relationship	between	mtDNA	
diversity	and	global	latitudinal	range	(Vachon	et	al.,	2018).	Other	ce‐
taceans	with	 low	genetic	diversity	and	geographic	 ranges	restricted	
to	a	single	ocean	basin	include	the	Narwhal	(Monodon monoceros)	and	

F I G U R E  6  Extended	Bayesian	
skyline	plots	for	Hyperoodon ampullatus 
mitogenomes	from	(a)	Northern	region	
and	(b)	Scotian	Shelf.	Dashed	line	
represents	median	reconstructed	Ne,	with	
gray	shaded	areas	representing	the	95%	
(highest	posterior	density	intervals)	HPDI.	
Beige	shaded	bar	indicates	the	estimated	
duration	of	the	last	glacial	maximum.	
Y‐axes	are	logarithmic.	In	the	Scotian	
Shelf,	effective	population	size	reaches	
maximum	rate	of	decline	at	~350	years	
and	minimum	value	at	~180	years
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Commerson's	dolphin	 (Cephalorhynchus commersoniiWestbury	et	 al.,	
2019;	Whitehead	et	al.,	2017).	It	is	possible	that	restricted	geographic	
distribution	may	be	correlated	with	other	natural	factors,	such	as	low	
historical	population	size,	evolutionary	specializations	for	prey,	or	en‐
vironmental	constraints	that	influence	genetic	diversity.

4.2 | Importance of population structure

Concepts	 for	 understanding	 intraspecific	 population	 structure	 can	
range	from	demographically	independent	populations	(DIPs),	to	evo‐
lutionarily	significant	units	(ESUs),	to	subspecies	(De	Queiroz,	2011;	
Taylor	et	al.,	2017).	Generally,	ESUs	are	groups	that	are	substantially	
reproductively	 isolated	 from	 other	 populations,	 embody	 an	 impor‐
tant	 aspect	of	 the	 species'	 evolutionary	potential,	 and	may	or	may	
not	 be	monophyletic	 (Moritz,	 2002;	 Palsbøll,	 Bérubé,	 &	 Allendorf,	
2007;	Taylor	et	al.,	2017).	In	Canada,	national	protection	for	species	
at	risk	recognizes	“designatable	units”	(DUs),	which	are	by	definition	
Evolutionarily	Significant	(COSEWIC,	2018).	Dispersal	may	occur	be‐
tween	DUs,	 so	 long	as	 it	 is	 insufficient	 to	prevent	 local	adaptation	
(COSEWIC,	2018).	The	Scotian	Shelf	population	of	northern	bottle‐
nose	whales	has	been	considered	a	DU	 in	Canada	since	2004,	due	
to	 small	 population	 size	 and	 isolation	 from	 other	 populations.	We	
detected	 genetic	 structure	 with	 microsatellite	 markers	 and	 mitog‐
enomes,	differentiating	the	Scotian	Shelf	population	from	northern	
areas	and	supporting	previous	work	identifying	the	Scotian	Shelf	as	a	
separate	DU.	While	not	considered	here,	the	importance	of	popula‐
tion	structure	and	diversity	in	this	species	requires	full	consideration	
of	northern	bottlenose	whales	across	the	eastern	parts	of	their	range.

Previous	studies	of	northern	bottlenose	whales	in	the	Northwest	
Atlantic	 found	 the	 Scotian	 Shelf	 was	 genetically	 distinct	 from	
Northern	Labrador	and	 Iceland,	which	was	determined	by	 the	ab‐
sence	of	a	single	mtDNA	haplotype	on	the	Scotian	Shelf	and	signifi‐
cant	FST	between	the	Scotian	Shelf,	Northern	Labrador,	and	Iceland	
based	on	microsatellite	data	(Dalebout	et	al.,	2001,	2006).	With	ad‐
ditional	 contemporary	 samples	 from	 all	 areas	 (except	 Iceland),	we	
corroborated	the	genetic	structure	between	the	Scotian	Shelf	and	all	
other	regions	through	analyses	of	variation	(AMOVA	and	Bayesian	
Structure)	using	37	microsatellites	and	the	full	mitogenome.	While	
all	regions	shared	multiple	mitogenome	matrilines,	we	found	unique	
haplotypes	 in	 each	 sampling	 area.	 Although	 excess	 of	 a	 few	 hap‐
lotypes	 in	 the	 Scotian	 Shelf	 appears	 to	 drive	 genetic	 subdivision	
between	regions,	due	to	the	numerous	haplotypes	shared	among	re‐
gions	it	is	unclear	how	long	and	to	what	degree	the	Scotian	Shelf	has	
been	isolated.	Based	on	the	number	of	unique	haplotypes	found	in	
each	of	the	sampling	locations	across	the	northern	region,	it	appears	
all	areas	contain	significant	diversity	that	may	be	 important	to	the	
evolutionary	potential	of	the	species.

Management	concern	for	the	newly	discovered	whales	sampled	
in	the	habitat	off	Newfoundland	motivates	further	consideration	of	
how	these	individuals	fit	into	currently	recognized	population	struc‐
ture.	The	primary	genetic	distinction	detected	 in	our	data	was	be‐
tween	the	Scotian	Shelf	population	and	all	other	populations,	which	

collectively	 formed	 the	 Northern	 region.	 The	 few	 samples	 from	
Newfoundland	 clustered	 with	 the	 Northern	 region	 in	 a	 Bayesian	
Structure	 analysis.	 However,	 additional	 assignment	 analyses	 of	
Newfoundland	whales	to	these	two	reference	groups	suggested	one	
grouped	with	the	Scotian	Shelf,	seven	with	Northern	Labrador,	and	
four	were	not	assigned.	These	results	are	not	definitive	on	the	popu‐
lation	origin	of	the	whales	found	off	Newfoundland,	suggesting	that	
it	may	be	an	area	of	mixing	between	the	two	currently	recognized	
DUs,	and	other	unknown	populations,	or	possibly	represent	a	newly	
established	population.	Although	our	sample	size	for	Newfoundland	
is	 small,	 due	 to	 the	 high	 proportion	 of	 unique	 haplotypes	 in	 this	
region	 and	 the	 low	 overall	 haplotype	 variation	 in	 this	 species,	
Newfoundland	appears	to	represent	a	source	of	significant	diversity.

Given	few	barriers	in	the	marine	environment,	genetic	divergence	
between	populations	may	occur	as	the	result	of	a	number	of	selective	
pressures	or	low	population	density	over	evolutionary	time.	Recent	
acoustic	 surveys	 have	 documented	 northern	 bottlenose	 whales	
along	 the	 continental	 slope	 edge,	 between	 the	 Scotian	 Shelf	 and	
the	Northern	region	(L.J.	Feyrer,	unpublished	data),	suggesting	that	
we	may	not	yet	have	the	full	picture	of	contemporary	connectivity.	
Ongoing	genetic	monitoring	 is	 required	 to	 resolve	whether	genetic	
connectivity	is	the	result	of	recent	historical	or	contemporary	migra‐
tion	or	 incomplete	 lineage	sorting	 from	a	common	ancestral	popu‐
lation.	 Previous	 studies	 have	 suggested	 that	 genetic	 separation	 of	
the	Scotian	Shelf	from	other	regions	likely	predates	human	exploita‐
tion	 and	 is	 not	 the	 result	 of	 a	 decline	 in	 population	 size	 (Dalebout	
et	al.,	2006).	However,	a	lack	of	monophyletic	spatial	structure	with	
mixed	assignment	of	individuals	from	sampled	regions	outside	of	the	
Scotian	shelf	or	Northern	Labrador	suggests	there	may	be	ongoing	
migration	among	regions.	As	discussed	below,	exploitation	may	have	
altered	 the	 distribution	 and	 extent	 of	 northern	 bottlenose	whales,	
and	related	impacts	to	their	population	structure	cannot	yet	be	re‐
futed.	Given	the	low	overall	diversity	in	northern	bottlenose	whales,	
reducing	 barriers	 to	 connectivity	 between	 regions—such	 as	 those	
posed	by	offshore	anthropogenic	activities—is	 important	 for	effec‐
tive	conservation	with	particular	concern	for	the	Endangered	Scotian	
Shelf	population.

4.3 | Regional differences in evolutionary 
trajectories

Few	studies	of	cetaceans	have	used	the	full	mitogenome	to	recon‐
struct	demography	with	Bayesian	skyline	analyses	 (but	 see	Cunha	
et	al.,	2014;	Morin	et	al.,	2013;	Morin	et	al.,	2018).	Most	have	relied	
on	comparatively	short	fragments	of	mtDNA	(414–2494	bp)	(Attard	
et	al.,	2015;	Phillips	et	al.,	2013;	Thompson	et	al.,	2016)	and	were	
not	able	 to	 identify	more	recent	 impacts	within	 the	 last	2–10	kya.	
Demographic	 reconstructions	 of	 other	 commercially	whaled	 ceta‐
ceans,	 including	 sperm	whales,	 pygmy	 blue	whales,	 and	 bowhead	
whales,	 have	 depicted	 a	 gradual	 signal	 of	 population	 expansion	
and	 retraction	 temporally	 consistent	with	 historical	 glacial	 cycles,	
but	 found	 no	 substantial	 evidence	 of	 recent	 declines	 in	 diversity	
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that	could	be	attributed	to	anthropogenic	impacts	such	as	whaling	
(Attard	et	al.,	2015;	Morin	et	al.,	2018;	Phillips	et	al.,	2013).	While	
the	shorter	DNA	segments	used	 in	other	studies	 limited	power	 to	
distinguish	a	signal	of	impacts	that	may	have	occurred	in	the	time‐
frame	aligned	with	human	harvesting,	here	we	use	>16,000	bp	of	
mtDNA	sequenced	for	128	individuals	to	investigate	changes	in	ef‐
fective	population	size	at	temporal	scales	recent	enough	to	resolve	
the	potential	impacts	of	human	activity.

The	 presence	 of	 several	 lineages	 in	 the	 mitogenome	 phylo‐
genetic	 tree	 (Figure	 3),	 and	 the	 star‐shaped	 expansion	 signal	 of	
the	haplotype	network	 (Figure	4),	 suggests	 that	over	 their	 entire	
range	 northern	 bottlenose	 whale	 populations	 have	 undergone	
an	expansion,	 likely	 following	colonization	of	newly	available	 ice‐
free	habitat	after	the	last	glacial	maximum	(LGM).	Consistent	with	
this	 hypothesis,	 Tajima's	D	using	 all	 samples	was	−1.88	 (p	 <	 .05),	
suggesting	 either	 a	 population	 expansion	 or	 selective	 sweep	 oc‐
curred.	 Population	 expansions	 following	 the	 LGM	have	 been	 de‐
tected	 in	 other	 cetacean	 species	 in	 the	 North	 Atlantic	 (e.g.,	 Sei	
whales,	Balaenoptera borealis,	Huijser	 et	 al.,	 2018;	Minke	whales,	
Balaenoptera acutorostrata,	Anderwald	et	al.,	2011;	white‐sided	dol‐
phins,	 Lagenorhynchus obliquidens,	 Banguera‐Hinestroza,	 Bjørge,	
Reid,	Jepson,	&	Hoelzel,	2010).

We	conducted	separate	demographic	analyses	for	the	Scotian	
Shelf	and	the	Northern	region	due	to	the	assumption	of	panmixia	
required	 for	 Bayesian	 skyline	 analysis.	 Our	 reconstruction	 for	
the	Northern	 region	was	 consistent	 with	 a	 historical	 expansion	
following	 the	 LGM,	 concordant	with	 other	 studies	 of	 cetaceans	
with	 temperate	 ranges	overlapping	previously	glaciated	habitats	
(Figure	 6a).	 The	 Scotian	 Shelf	 population	 exhibited	 a	more	 sta‐
ble	effective	population	size	throughout	the	LGM,	followed	by	a	
steep	decline	with	a	maximum	slope	occurring	~350	years	ago	and	
estimates	of	effective	population	size	reaching	a	minimum	value	
within	 the	 last	 200	 years	 (Figure	 6b).	 The	 rapid	 increase	 in	 the	
95%	HPDI	after	this	minimum	suggests	that	inferences	of	trends	
in	effective	population	since	this	decline	are	unreliable.	Although	
an	earlier	study	by	Dalebout	et	al.	(2006)	did	not	find	significant	
evidence	of	 a	bottleneck	using	 the	M‐ratio	 and	Tajima's	D,	 they	
had	significantly	lower	power	in	their	analyses	of	434	bp	mtDNA	
versus	the	16,450	bp	from	the	full	mitogenome	used	here.	A	sta‐
ble	 trend	across	 the	LGM	 is	plausible,	 as	 the	Scotian	Shelf	pop‐
ulation	 exists	 at	 the	 southernmost	 edge	 of	 the	 species	 range	
and	may	 have	 been	 least	 affected	 by	 historically	 colder	 climate	
regimes.	However,	 the	 sudden	 recent	decline	 in	effective	popu‐
lation	size	for	the	Scotian	Shelf	population	is	not	consistent	with	
major	climatic	oscillations.	Although	the	precise	timing	of	the	de‐
cline	within	the	last	200	years	is	highly	uncertain,	human	activity	
is	 the	 only	 major	 correlate	 known	 to	 have	 occurred	within	 this	
period.	As	whaling	removed	a	large	number	of	whales	during	this	
period,	we	 infer	 that	 the	 effects	 of	whaling	 likely	 had	 a	 greater	
genetic	impact	on	the	more	isolated	Scotian	Shelf	population	than	
the	Northern	population.	Below,	we	further	consider	the	genetic	
impacts	of	harvesting	and	limitations	for	the	recovery	of	this	small	
population.

4.4 | Characterizing genetic risk for evaluating 
species recovery

Genetic	 risks	 posed	 by	 human	 harvesting	 include	 inbreeding	 de‐
pression	 and	 loss	 of	 diversity,	 which	 can	 present	 significant	 chal‐
lenges	for	the	recovery	of	small	populations.	However,	recovery	of	
genetically	depauperate	species	such	as	cheetah	(Acinonyx jubatus; 
Dobrynin	et	al.,	2015)	and	the	elephant	seal	(Mirounga angustirostris; 
Hoelzel,	Fleischer,	Campagna,	Le	Boeuf,	&	Alvord,	2002)	from	a	few	
breeding	pairs	following	natural	bottlenecks	or	human‐induced	pop‐
ulation	declines	suggests	that	some	species	may	not	have	the	same	
genetic	 load	as	others,	potentially	due	to	 low	effective	population	
sizes	maintained	over	evolutionary	time	scales	by	natural	processes	
(Amos	&	Balmford,	2001;	Amos	&	Harwood,	1998).	Even	with	natu‐
rally	low	effective	population	sizes,	small	peripheral	populations	are	
expected	to	be	less	resilient	to	further	reductions	in	genetic	diversity	
due	to	reduced	connectivity	and	increased	potential	for	inbreeding.	
Over	a	period	of	a	few	years,	commercial	whaling	for	northern	bot‐
tlenose	whales	off	Nova	Scotia	removed	an	equivalent	of	~60%	of	
the	current	Scotian	Shelf	population	size.	The	whales	in	the	Labrador	
Sea	were	also	heavily	targeted,	reducing	the	closest	known	potential	
source	of	new	migrants	(O'Brien	&	Whitehead,	2013;	Whitehead	&	
Hooker,	2012).	The	Bayesian	skyline	analysis	indicates	that	this	level	
of	exploitation	coincides	with	declines	in	the	genetic	diversity	of	the	
peripheral	Scotian	Shelf	population,	suggesting	this	small	population	
may	have	an	 increased	risk	for	 inbreeding	depression	and	reduced	
evolutionary	potential	to	respond	to	a	changing	environment.

We	were	unable	to	adequately	assess	the	risks	associated	with	
inbreeding	depression	or	genetic	 relatedness	 in	 this	 study	due	 to	
low	 overall	 variation	 across	 a	 panel	 of	 37	microsatellite	markers.	
Different	nuclear	markers	may	be	able	to	better	distinguish	the	ex‐
tent	of	consanguinity	 in	this	small	population.	However,	there	are	
notably	 fewer	mitochondrial	 haplotypes	 within	 the	 Scotian	 Shelf	
population	 than	 outside	 it,	 suggesting	 the	 dominance	 of	 a	 few	
successful	matrilines	within	this	population.	Due	to	the	very	small	
population	size	(N	~	143,	O'Brien	&	Whitehead,	2013)	and	the	low	
genetic	diversity	of	whales	sampled	on	the	Scotian	Shelf,	there	is	an	
increased	likelihood	of	inbreeding	in	this	region	relative	to	others.	
While	we	 do	 not	 have	 empirical	 data	 on	whether	 inbreeding	 de‐
pression	is	reducing	the	reproductive	output	and	survival	of	Scotian	
Shelf	northern	bottlenose	whales,	these	factors	may	have	contrib‐
uted	 to	 the	 slow	 growth	 and	 recovery	 from	whaling	 observed	 in	
this	population	over	the	last	50	years	(Whitehead	&	Hooker,	2012).

The	Northern	region	does	not	appear	to	have	suffered	a	recent	
decline	 in	Ne.	This	may	be	due	 to	greater	 connectivity	between	
core	areas	or	 inadequate	statistical	power	to	detect	a	recent	de‐
cline	resulting	from	the	large	proportion	(46%)	of	whaling	era	sam‐
ples	 in	our	 analysis	 and	 low	genetic	 diversity,	which	 is	 reflected	
by	 increasing	 uncertainty	 of	 demographic	 reconstructions	 over	
the	 last	 two	 centuries.	 Comparing	 contemporary	 samples	 from	
areas	in	the	Northern	region	will	help	validate	the	lack	of	a	recent	
bottleneck	outside	 the	Scotian	Shelf.	 Stable	 trends	 in	 the	effec‐
tive	population	size	of	whales	in	the	Northern	region	and	the	new	
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aggregation	 of	 whales	 observed	 in	 Newfoundland	 suggest	 that	
in	 core	 population	 centers,	 the	 species	may	 be	 recovering	 from	
historical	whaling.	Comparisons	with	 northern	bottlenose	whale	
populations	in	the	eastern	North	Atlantic	may	provide	additional	
context	for	these	demographic	trends	and	resolve	the	phylogeo‐
graphic	history	of	this	species.

5  | CONCLUSION

Low	 diversity	 in	 H. ampullatus	 is	 likely	 naturally	 occurring,	 but	
further	 population	 declines	 or	 reductions	 in	 connectivity	 could	
compromise	the	evolutionary	potential	of	the	species	and	risk	the	
recovery	of	the	more	depleted	Scotian	Shelf	population.	The	ge‐
netic	 risks	 imposed	by	harvesting	and	 the	 slow	 recovery	 for	 the	
Scotian	Shelf	population	identify	a	number	of	considerations	that	
are	broadly	relevant	to	the	assessment	of	genetic	impacts	on	com‐
mercially	exploited	species.	Distinct	populations	can	respond	dif‐
ferently	 to	human	exploitation,	 and	determining	 risk	 requires	an	
assessment	 of	 range‐wide	 population	 subdivision	 and	 historical	
trends.	 We	 highlight	 that	 understanding	 the	 evolutionary	 con‐
text	 and	 demographic	 trajectories	 of	 distinct	 populations,	 using	
techniques	such	as	Bayesian	skyline	analysis,	can	reveal	potential	
genetic	risks	that	can	help	inform	species	conservation	and	man‐
agement	 priorities.	 Population	 structure	may	 be	 cryptic	 and	 re‐
quire	high‐resolution	markers	with	the	power	to	detect	variability,	
particularly	 in	species	with	low	genetic	diversity,	which	is	 impor‐
tant	to	consider	when	reconstructing	historical	demography	to	as‐
sess	recent	human	impacts	such	as	exploitation	and	the	recovery	
of	a	species	across	their	range.
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