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Abstract
Overharvest	 can	 severely	 reduce	 the	 abundance	 and	distribution	of	 a	 species	 and	
thereby	impact	its	genetic	diversity	and	threaten	its	future	viability.	Overharvest	re-
mains	an	ongoing	 issue	for	Arctic	mammals,	which	due	to	climate	change	now	also	
confront	one	of	the	fastest	changing	environments	on	Earth.	The	high-	arctic	Svalbard	
reindeer	(Rangifer tarandus platyrhynchus),	endemic	to	Svalbard,	experienced	a	harvest-	
induced	demographic	bottleneck	that	occurred	during	the	17–20th	centuries.	Here,	
we	investigate	changes	 in	genetic	diversity,	population	structure,	and	gene-	specific	
differentiation	during	and	after	this	overharvesting	event.	Using	whole-	genome	shot-
gun	sequencing,	we	generated	the	first	ancient	and	historical	nuclear	(n = 11)	and	mi-
tochondrial	(n = 18)	genomes	from	Svalbard	reindeer	(up	to	4000	BP)	and	integrated	
these	data	with	a	large	collection	of	modern	genome	sequences	(n = 90)	to	infer	tem-
poral changes. We show that hunting resulted in major genetic changes and restruc-
turing	in	reindeer	populations.	Near-	extirpation	followed	by	pronounced	genetic	drift	
has	altered	the	allele	frequencies	of	important	genes	contributing	to	diverse	biologi-
cal	functions.	Median	heterozygosity	was	reduced	by	26%,	while	the	mitochondrial	
genetic	diversity	was	reduced	only	to	a	limited	extent,	likely	due	to	already	low	pre-	
harvest	diversity	and	a	complex	post-	harvest	recolonization	process.	Such	genomic	
erosion	and	genetic	 isolation	of	populations	due	to	past	anthropogenic	disturbance	
will	likely	play	a	major	role	in	metapopulation	dynamics	(i.e.,	extirpation,	recoloniza-
tion)	under	further	climate	change.	Our	results	from	a	high-	arctic	case	study	therefore	
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1  |  INTRODUC TION

Excessive	harvest	reduces	population	size	and	genetic	diversity	and	
can	ultimately	lead	to	local	extirpation	or	global	(i.e.,	species)	ex-
tinction	(Frankham,	2005;	Spielman	et	al.,	2004).	Overharvesting,	
also	 called	 overexploitation,	 has	 long	 impacted	 fish	 and	 large	
mammals	and	occurs	today	in	combination	with	additional	risk	of	
climate	change	and	habitat	loss	(Bowyer	et	al.,	2019;	IUCN,	2020; 
Lorenzen	 et	 al.,	 2011;	 Luypaert	 et	 al.,	 2020).	 Populations	 may	
recover	 demographically	 after	 overharvest	 and	 near-	extinction	
events,	 but	 their	 genetic	 diversity	 can	 remain	 low	 (Lande	
et	al.,	2003).	Harvest-	induced	bottlenecks	will	 likely	also	 reduce	
a	species'	resilience	and	adaptive	capabilities	when	facing	future	
challenges	such	as	global	climate	change	(Frankham	et	al.,	2002).	
Nevertheless,	 despite	 that	 genetic	 diversity,	 along	 with	 species	
and	ecosystem	diversity,	 is	recognized	as	one	of	the	three	pillars	
of	biodiversity,	it	is	not	yet	widely	considered	by	conservation	pol-
icymakers	(Jensen	et	al.,	2022;	Laikre	et	al.,	2010).	It	is	therefore	
important	to	quantify	the	loss	of	genetic	variation	and	changes	in	
population	genetic	structure	following	such	bottlenecks,	in	order	
to appropriately set conservation measures and to better predict 
the	trajectory	of	the	potential	recovery.

Contemporary	 genetic	 material	 can	 hold	 considerable	 infor-
mation	 about	 past	 demographic	 processes.	 For	 instance,	methods	
employing coalescent theory can retrospectively detect genetic 
bottlenecks	and	inform	on	their	magnitude	and	timing	(Drummond	
et	 al.,	 2005).	 However,	 information	 about	 lineages	 that	 went	 ex-
tinct	 during	 the	 bottleneck	 is	 lost.	 Therefore,	 investigation	 of	
effects	of	past	bottlenecks	 like	overharvesting	 from	only	contem-
porary	material	may	 overlook	 the	 severity	 of	 the	 event	 (Leonardi	
et	al.,	2017).	Advances	 in	the	fields	of	genomics	and	ancient	DNA	
(aDNA)	 enable	 population-	level	 whole-	genome	 sequencing	 of	 nu-
clear	and	mitochondrial	genomes,	for	 instance,	of	specimens	living	
prior	to	harvest-	induced	bottlenecks	(Leonardi	et	al.,	2017;	Mitchell	
&	Rawlence,	2021).	Ancient	DNA	is	therefore	a	powerful	tool	that	
allows	for	direct	temporal	comparisons,	setting	a	 ‘baseline’	 for	the	
state	 of	 the	 species	 before	 anthropogenic	 intrusions	 (Díez-	Del-	
Molino	et	al.,	2018;	 Jensen	et	al.,	2022).	The	 respective	measures	
of	 genetic	 change	 through	 time	 are	 valuable	 in	 ecological,	 evolu-
tionary,	and	conservation	contexts,	with	a	potential	to	inform	future	
conservation	efforts	(Jensen	et	al.,	2022),	for	example,	by	studying	
genomic	erosion	(Robin	et	al.,	2022;	Sánchez-	Barreiro	et	al.,	2021),	
the	 sum	of	 genetic	 threats	 to	 small	 populations,	 such	 as	 decreas-
ing	 genome-	wide	 diversity,	 increasing	 genetic	 load	 and	 inbreed-
ing,	 and	 reducing	 genome-	wide	 heterozygosity	 (Díez-	Del-	Molino	

et	al.,	2018;	Frankham,	2005;	Kohn	et	al.,	2006).	By	comparing	the	
genomes	of	different	temporal	populations,	regions	of	high	genomic	
divergence	can	be	identified.	Genes	within	these	regions	likely	ex-
perienced	 evolution	 due	 to	 selection	or	 genetic	 drift	 (Allendorf	&	
Hard,	2009;	Therkildsen	et	al.,	2019).

Because	wildlife	 extirpations	 (i.e.,	 local	 population	 extinctions)	
are	expected	to	accelerate	in	the	future	(IUCN,	2020),	knowledge	of	
past	genetic	changes	is	crucial	to	predict	the	future	population	ge-
netics	of	populations	that	are	currently	in	decline	due	to	harvesting,	
climate	 change,	 habitat	 loss,	 or	 competition	with	 invasive	 species.	
Many	Arctic	mammals,	such	as	bowhead	whale	(Balaena mysticetus,	
Linnaeus,	 1758)	 and	 walrus	 (Odobenus rosmarus,	 Linnaeus,	 1758),	
as	well	 as	 some	 reindeer	and	caribou	 (Rangifer tarandus,	 Linnaeus,	
1758)	 subspecies,	experienced	 large-	scale	 local	extirpations	about	
a	century	ago	 (CAFF,	2013).	Some	of	 the	subspecies,	 for	example,	
the	Dawson	caribou	(R. t. dawsoni	 (Seton,	1900))	from	Haida	Gwaii	
off	 the	 coast	 of	Canada	 and	 the	East	Greenland	 caribou	 (R. t. eo-
groenlandicus,	Degerbøl,	1957),	were	even	driven	to	extinction	(Byun	
et	al.,	2002;	Gravlund	et	al.,	1998).

The	 wild	 Svalbard	 reindeer	 (Rangifer tarandus platyrhynchus,	
Vrolik,	1829),	a	subspecies	endemic	to	the	Svalbard	archipelago	with	
distinct	morphological	and	behavioural	characteristics,	was	hunted	
down	to	approximately	1000	individuals	and	extirpated	from	~60%	
of	its	range	before	being	protected	by	law	in	1925	(Lønø,	1959).	The	
reindeer	survived	in	four	remote	locations	(populations),	from	which	
they	 then	 slowly	 recolonized	 the	archipelago,	partially	 assisted	by	
two	translocation	programs	(Aanes	et	al.,	2000),	to	reach	a	current	
population	 size	 of	 ~22,000	 individuals	 (Le	 Moullec	 et	 al.,	 2019).	
Conveniently,	 the	cold	and	dry	Arctic	environment	physically	pre-
serves	 ancient	 skeletal	 material	 and	 its	 genetic	 information	 to	 a	
relatively	 high	degree.	Ancient	DNA	 from	bones	 and	 antlers	 from	
Svalbard	reindeer	that	lived	prior	to	the	presence	of	humans	(before	
the	17th	century)	therefore	represent	a	unique	opportunity	to	quan-
tify	effects	of	harvest-	induced	bottlenecks	on	the	genetic	composi-
tion	of	present-	day	metapopulations	(Le	Moullec	et	al.,	2019).	Thus,	
by	comparing	contemporary	DNA	with	ancient	DNA	from	Svalbard	
reindeer,	this	‘natural	experiment’	can	provide	valuable	information	
on	 the	 genetic	 consequences	 of	 harvest-	induced	 bottlenecks	 and	
population	 recovery	 following	 successful	 conservation	 efforts	 in	
large animals.

Reindeer	 most	 likely	 colonized	 Svalbard	 from	 Eurasia	 through	
intermediate	colonization	of	the	Franz	Josef	Land	archipelago	as	a	
stepping-	stone	 (Kvie	 et	 al.,	2016).	 The	 earliest	 published	 subfossil	
evidence	 of	 reindeer	 presence	 on	 Svalbard	 was	 dated	 to	 5000–
3800	BP	(van	der	Knaap,	1989),	but	there	is	both	molecular	(Dussex	

emphasize	the	need	to	understand	the	long-	term	interplay	of	past,	current,	and	future	
stressors	in	wildlife	conservation.
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et	al.,	2023)	and	radiocarbondating	evidence	(Le	Moullec,	Martin	and	
Hansen,	unpubl.	dating	of	an	antler)	that	the	colonization	of	Svalbard	
started	earlier	at	around	8000–6000	BP	(Dussex	et	al.,	2023).	The	
locations	of	a	sample	of	carbon-	dated	ancient	bones	suggest	 they	
subsequently	 spread	 across	 the	 entire	 Svalbard	 archipelago	 (Le	
Moullec	 et	 al.,	 2019;	 van	 der	 Knaap,	 1989).	 Harvest	 began	when	
Svalbard	was	discovered	in	1596,	but	the	most	intensive	hunting	pe-
riod	of	reindeer	occurred	in	the	early	1900s	(Hoel,	1916;	Lønø,	1959; 
Wollebaek,	1926),	until	protection	in	1925.	Lønø	(1959)	documented	
that	reindeer	had	then	survived	at	low	abundance	in	Nordenskiöld	
Land	 (central	 Spitsbergen),	 Reinsdyrflya	 (North	 Spitsbergen),	
Nordaustlandet	(North	East	Svalbard),	and	Edgeøya	(East	Svalbard).	
Since	 then,	 reindeer	 have	 recolonized	most	 of	 their	 former	 range	
from	these	four	remnant	populations	(Peeters	et	al.,	2020).

Six	genetically	distinct	reindeer	groups	are	now	present	on	the	
Svalbard	archipelago:	four	populations	that	expanded	from	their	re-
spective	‘hunting	refugia’,	and	two	populations	founded	by	individ-
uals	from	central	Spitsbergen.	Of	the	latter,	one	was	founded	along	
the	west	coast	of	Spitsbergen	following	two	translocations,	and	an-
other	was	founded	by	natural	recolonization	to	south	Spitsbergen,	
with	 strong	 genetic	 drift	 following	 gradual	 expansion	 (Burnett	
et	al.,	2023;	Peeters	et	al.,	2020).	Svalbard	reindeer	disperse	slowly	
due	to	their	sedentary	behaviour	and	the	fragmented	landscape	(Le	
Moullec	et	al.,	2019).	Habitat	connectivity	 is	 further	 reduced	with	
climate	warming	and	declining	cover	of	coastal	sea	 ice,	which	pro-
vides	an	important	dispersal	corridor	(Peeters	et	al.,	2020).	Because	
hunting,	 predation,	 insect	 harassment,	 and	 intra-	specific	 competi-
tion	for	resources	play	only	minor	roles	today	(Derocher	et	al.,	2000; 
Reimers,	1984;	Stempniewicz	et	al.,	2021;	Williamsen	et	al.,	2019),	
population growth is mainly determined by the density- dependent 
weather	effects	on	access	to	resources	in	winter	(Albon	et	al.,	2017; 
Hansen	et	al.,	2019;	Loe	et	al.,	2020).

While some wild reindeer/caribou subspecies are undergoing 
strong	declines	due	to	anthropogenic	landscape	fragmentation	and	
climate	change	(Collard	et	al.,	2020;	Festa-	Bianchet	et	al.,	2011),	the	
Svalbard	 reindeer	 is	 increasing	 in	abundance	 (Hansen	et	 al.,	2019; 
Le	Moullec	et	al.,	2019).	This	increase	is	mainly	driven	by	recovery	
from	the	past	overharvesting	and	by	climate	change	improving	and	
enhancing	the	length	of	snow-	free	season	(Hansen	et	al.,	2019;	Le	
Moullec	et	al.,	2019;	Loe	et	al.,	2020).	The	Svalbard	reindeer	genetic	
diversity	is	by	far	the	lowest	among	the	Rangifer	subspecies	(Dussex	
et	al.,	2023;	Kvie	et	al.,	2016;	Yannic	et	al.,	2013).	Despite	this,	local	
variation	 in	 genetic	 diversity	 is	 strong,	 with	 decreasing	 diversity	
from	 central	 Spitsbergen	 towards	 the	 peripheries	 of	 the	 archipel-
ago	 (Burnett	 et	 al.,	 2023;	 Kvie	 et	 al.,	 2016;	 Peeters	 et	 al.,	 2020).	
Inbreeding	 (i.e.,	 long	runs	of	homozygosity)	 is	stronger	 in	the	non-	
admixed	naturally	recolonized	populations	than	in	the	two	translo-
cated	populations,	 likely	as	a	result	of	having	experienced	a	series	
of	bottlenecks	 (Burnett	et	al.,	2023).	The	translocated	populations	
largely	maintained	the	genetic	diversity	level	of	their	source	popula-
tions,	despite	<15	founder	individuals	for	each	translocation,	likely	
because	 of	 rapid	 population	 growth	 and	 overlapping	 generations	
(Burnett	et	al.,	2023).

Here,	we	investigate	the	genetic	impacts	of	the	population	bot-
tleneck	 caused	 by	 the	 past	 overharvest	 of	 Svalbard	 reindeer.	 We	
hypothesize	that	the	reindeer	suffered	genomic	erosion	due	to	this	
overexploitation	event.	To	infer	changes	in	genetic	structure,	diver-
sity,	and	allele	frequencies,	we	integrated	palaeogenomic	data	with	
a	 large	dataset	of	contemporary	genome	sequences	and	estimated	
genetic	diversity	and	genomic	erosion	before	(4000–400	calibrated	
years	Before	Present	[BP]),	during	(500–0	BP,	equating	to	1500–1950	
Common	era	 [CE],	also	corresponding	to	the	period	with	uncertain	
carbon-	dating)	and	after	the	overharvesting	period	(>1950 CE).

2  |  MATERIAL S AND METHODS

2.1  |  Study system and sample acquisition

The	Svalbard	archipelago	(76°–81°N,	10°–35°E)	is	surrounded	by	the	
Greenland	and	Barents	Seas,	south	of	the	Arctic	Ocean.	The	archi-
pelago	consists	of	over	500	 islands,	 the	 largest	being	Spitsbergen,	
Nordaustlandet,	 Edgeøya,	 Barentsøya,	 and	 Prins	 Karls	 Forland.	
Reindeer	inhabit	vegetated	land	patches,	which	make	up	only	16%	
of	 the	 land	 cover,	 fragmented	 by	 fjords	 and	 tidewater	 glaciers	
(Johansen	et	al.,	2012).	Central	Spitsbergen	and	Edgeøya	hold	a	net-
work	of	unglaciated	valleys	with	the	highest	density	of	reindeer	(Le	
Moullec	et	al.,	2019).

At	 the	 time	 of	 the	 oldest	 evidence	 of	 reindeer	 on	 Svalbard	
(~5000	BP),	 the	Svalbard	 summer	 climate	was	 approximately	1.5–
2°C	 warmer	 than	 the	 recent	 reference	 period	 of	 1912–2012 CE	
(van	der	Bilt	et	al.,	2019).	The	climate	became	progressively	cooler	
over	time	until	the	pre-	industrial	period	at	around	1500 CE	(van	der	
Bilt	 et	 al.,	 2019),	 with	 increasing	 sea-	ice	 cover	 in	 the	 Fram	 Strait	
(Werner	et	al.,	2016).	Currently,	Svalbard	 is	among	 the	 regions	on	
Earth	experiencing	the	strongest	temperature	increase,	with	0.5°C	
increase	 per	 decade	 in	 summer	 and	 1.3°C	 increase	 per	 decade	
for	 year-	round	 measurements	 at	 Svalbard	 Airport,	 2001–2020 CE	
(Isaksen	et	al.,	2022).	Partly	related	to	this,	the	sea-	ice	concentration	
around	Svalbard	has	decreased	drastically	in	recent	years	at	a	rate	of	
10%–15%	per	decade	in	winter,	2001–2020 CE	(Isaksen	et	al.,	2022).	
The	West	side	of	Spitsbergen	is	now	ice-	free	year-	round,	except	for	
some	inner	fjords	or	in	front	of	some	tidewater	glaciers.

Subfossil	 bones	 and	 antlers	 (n = 18)	 were	 collected	 from	 var-
ious	 sites	 across	 the	 Svalbard	 archipelago	 during	 2014–2015 CE	
as	described	previously	 (Le	Moullec	et	 al.,	 2019)	with	approval	by	
the	Governor	of	Svalbard	 (RIS-	ID:	10015	and	10128).	Two	subfos-
sils	 originating	 from	 Franz	 Joseph	 Land,	 collected	 in	 2007,	 were	
used	 as	 an	 outgroup	 in	 the	mitochondrial	 haplotype	 network	 and	
followed	 the	 same	 laboratory	 procedure	 as	 the	 ancient	 Svalbard	
subfossils.	 Sample	 ages	were	 determined	 via	 14C	 dating	 (Table 1).	
All 14C	 dates	 were	 calibrated	 with	 the	 IntCal20	 calibration	 curve	
(Reimer,	2020)	 using	 the	calibrate	 function	 in	 the	package	 rcarbon 
(Crema	&	Bevan,	2021)	 in	R	v4.1.0	 (R	Core	Team,	2021).	The	sub-
fossil	materials	were	combined	with	a	previously	published	genomic	
dataset	from	samples	collected	in	2014–2018	and	consisting	of	90	
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contemporary	Svalbard	reindeer	from	a	recent	population	genomics	
study	 (PRJEB57293,	Burnett	 et	 al.,	2023).	 To	put	 harvest-	induced	
changes	within	Svalbard	reindeer	populations	into	a	temporal	con-
text,	we	subdivided	the	samples	into	three	time	periods	(Figure 1):	
before	(4000–400 years	before	present	[BP],	hereafter	referred	to	
as pre- hunting),	during	 (400 years	BP-	1950	Common	Era,	CE,	here-
after	 referred	 to	as	during- hunting),	 and	after	 (>1950 CE,	hereafter	
referred	 to	 as	 post- hunting)	 the	major	 harvest-	induced	 bottleneck	
that	 occurred	 from	 the	 17th	 century	 to	 the	 early	 20th	 century	
(Lønø,	1959).

2.2  |  DNA extraction, library 
building, and sequencing

All	 pre-	PCR	 manipulations	 of	 sample	 genetic	 material	 were	 con-
ducted	in	a	dedicated,	positively	pressurized	ancient	DNA	laboratory	
facility	at	the	NTNU	University	Museum.	48–360 mg	of	bone	mate-
rial	were	collected	using	a	Dremel	disc	drill	and	subsequently	crushed	
to	fragments	of	maximum	1-	mm	diameter.	DNA	was	extracted	with	
a	custom,	silica-	based	extraction	protocol.	For	digestion,	a	custom	
digestion	buffer	consisting	of	1.25%	(v/v)	proteinase	K	(20 mg/mL),	
90%	(v/v)	EDTA	(0.5 M),	and	8.75%	(v/v)	molecular-	grade	water	was	
used.	Samples	were	pre-	digested	in	1 mL	digestion	buffer	for	10 min	
at	37°C	on	a	rotor.	The	samples	were	spun	down,	the	pre-	digest	was	
removed,	 and	4 mL	of	 digestion	 buffer	was	 added	 to	 the	 samples.	
Samples	were	left	for	digestion	on	a	rotor	for	18 h	at	37°C.	The	lysis	
buffer	was	mixed	1:10	with	Qiagen	PB	buffer	modified	 by	 adding	
9 mL	sodium	acetate	(5 M)	and	2 mL	NaCl	(5 M)	to	a	500 mL	stock	so-
lution.	pH	was	adjusted	to	4.0	using	concentrated	(37%/12 M)	HCl.	
50 μL	in-	solution	silica	beads	were	added,	and	samples	were	left	on	

a	rotor	for	1 h	at	ambient	temperature	to	allow	binding	of	the	DNA.	
Silica	pellets	with	bound	DNA	were	purified	using	Qiagen	MinElute	
purification	kit	following	the	manufacturer's	instructions	and	eluted	
in	65 μL	Qiagen	EB	buffer.	For	every	extraction	batch,	an	extraction	
blank	was	carried	out	alongside	the	samples.

For	each	sample	and	the	extraction	blanks,	32 μL	of	DNA	extract	
were	 built	 into	 double-	stranded	 libraries.	 Libraries	were	 prepared	
following	 the	 BEST	 2.0	 double-	stranded	 library	 protocol	 (Carøe	
et	al.,	2018).	Three	DNA	extraction	blanks	were	included,	as	well	as	a	
single	library	blank	(no-	template	control).	10 μL	of	each	library	were	
amplified	in	50 μL	reactions	with	AmpliTaq	Gold	polymerase,	using	
between	 13	 and	 22 cycles	 and	 a	 dual	 indexing	 approach	 (Kircher	
et	al.,	2012).	The	optimal	number	of	PCR	cycles	for	each	library	was	
determined	via	qPCR	on	a	QuantStudio3	instrument	(ThermoFisher).	
The	 indexed	 libraries	 were	 purified	 using	 SPRI	 beads	 (Rohland	
&	 Reich,	 2012)	 and	 eluted	 in	 30 μL	 EBT	 buffer.	 The	 amplified	 li-
braries	 were	 quantified	 on	 4200	 TapeStation	 instrument	 (Agilent	
Technologies)	using	High	Sensitivity	D1000	ScreenTapes.	The	librar-
ies	were	 then	pooled	 in	 equimolar	 concentrations	 and	 initially	 se-
quenced	on	the	Illumina	MiniSeq	platform	in	order	to	quantify	their	
complexity	and	endogenous	DNA	content.	The	libraries	were	subse-
quently	subjected	to	several	rounds	of	PE	150 bp	sequencing	on	the	
Illumina	NovaSeq	6000	platform	 (Norwegian	National	Sequencing	
Centre	and	Novogene	UK).

2.3  |  Bioinformatic analysis and post- mortem DNA 
damage assessment

Sequence	 data	 from	 the	 pooled	 libraries	 were	 demultiplexed	 ac-
cording	 to	 their	 unique	 P5/P7	 index	 barcode	 combinations.	 Prior	

F I G U R E  1 Sampling	locations	on	Svalbard.	Glaciated	areas	are	coloured	in	light	blue.	Each	point	symbolizes	one	individual	reindeer.	
Samples	are	coloured	by	affiliation	with	a	geographic	cluster.	Shape	denotes	which	of	the	sample's	genome	sequences	were	used	in	this	
study	(ncDNA,	nuclear	DNA;	mtDNA,	mitochondrial	DNA).	Samples	were	carbon-	dated	and	divided	into	three	time	periods.	(a)	before	
the	hunting	period	(4000–400	BP),	(b)	during	the	hunting	period	(400	BP–1950 CE),	and	(c)	after	the	hunting	period	(>1950 CE).	Points	are	
slightly jittered to reduce overplotting.
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to	mapping,	 residual	 adapter	 sequences	were	 removed	 and	 reads	
shorter than 25 bases were discarded with AdapterRemoval v2.2.4. 
Raw	reads	were	mapped	initially	against	the	caribou	(Rangifer taran-
dus caribou)	 nuclear	 genome	 (Taylor	 et	 al.,	 2019)	 and	 the	 reindeer	
(Rangifer tarandus tarandus)	mitochondrial	 genome	 (Li	 et	 al.,	2017)	
in	 the	 framework	 of	 the	 PALEOMIX	 pipeline	 v1.2.13.2	 (Schubert	
et	 al.,	 2014)	 using	 the	 ‘mem’	 algorithm	 of	 the	 Burrows–Wheeler	
Aligner	 (BWA)	v0.7.16a	 (Li,	2013)	and	no	mapping	quality	 (MAPQ)	
score	 filtering.	 PCR	 duplicates	 were	 marked	 using	 picard	 tools	
v2.20.2	(‘Picard	Toolkit’,	2019)	tool	MarkDuplicates.	Mapped	reads	
were	 realigned	 with	 the	 Genome	 Analysis	 Tool	 Kit	 (GATK	 v3.80)	
indel	 realigner	 (McKenna	 et	 al.,	 2010).	 Following	 mapping,	 soft-	
clipped	reads	were	removed	with	samtools	v1.12	(H.	Li	et	al.,	2009).	
Then	mapDamage	v2.0.9	(Jónsson	et	al.,	2013)	was	used	to	assess	
and	plot	ancient	DNA	damage	patterns	and	to	rescale	base	quality	
scores	accordingly.	Sequencing	depth	statistics	were	estimated	with	
samtools	depths	at	a	minimum	phred-	scaled	mapping	quality	of	30	
(Table S1).	All	 samples	were	 sequenced	 to	a	minimum	of	0.2× se-
quencing	depth	of	the	caribou	nuclear	genome	assembly	after	read	
filtering.

2.4  |  Construction of a consensus Svalbard 
reindeer reference genome

In	order	to	 improve	mapping	rate	and	more	accurately	reflect	the	
divergent	 genome	 of	 the	 Svalbard	 reindeer,	 a	 reference	 Svalbard	
reindeer	 nuclear	 genome	 was	 generated	 from	 the	 deepest	 se-
quenced	 contemporary	 individuals	 of	 each	metapopulation	 (T-	15,	
C7,	and	B2,	see	Table S1).	BAM	files	were	downsampled	to	26.9×,	
the	 lowest	 depth	 among	 the	 three	 genomes,	 with	 the	 samtools	
v1.12	view	command	using	the	flags	- b and - s.	Individual	bam	files	
were	combined	into	a	single	bam	file.	The	new	reference	sequence	
was	 determined	 with	 angsd	 v0.931	 (Korneliussen	 et	 al.,	 2014)	
using the - doFasta 2 tool with the options - doCounts 1,	- explode 1,	
- setMinDepthInd 2,	- remove_bads 1,	requiring	a	minimum	read	map-
ping	quality	of	30	and	a	minimum	base	quality	of	20.	All	 samples	
were	mapped	against	 this	new	 reference	genome	using	 the	 same	
methods described above.

2.5  |  Determination of ancestral states

Ancestral	states	were	inferred	by	mapping	publicly	available	sequenc-
ing	data	from	three	closely	related	(Heckeberg	&	Wörheide,	2019)	
species	 (moose,	Alces,	 bioproj:	 PRJEB40679	 (Dussex	 et	 al.,	2020);	
red	deer,	Cervus elaphus,	bioproj:	PRJNA324173	(Bana	et	al.,	2018);	
white-	tailed	 deer,	 Odocoileus virginianus,	 NCBI	 PRJNA420098;	
Accession	No.	JAAVWD000000000)	against	the	caribou	reference	
genome	(Taylor	et	al.,	2019).	BAM	files	were	downsampled	to	12.3×,	
the	 lowest	 depth	 among	 the	 three	 genomes,	with	 samtools	 v1.12	
and	merged	into	a	single	BAM	file	for	all	three	species.	The	ances-
tral	state	was	inferred	by	choosing	the	most	common	base	at	each	

site	with	 angsd	 v0.931	using	 the	 - doFasta 2 tool with the options 
- doCounts 1,	- explode 1,	- remove_bads 1,	and	- uniqueOnly 1,	requiring	
a	minimum	read	mapping	quality	of	30	and	a	minimum	base	quality	
of	20.

2.6  |  Selection of nuclear genomic loci for 
further analysis

Genomic	 positions	 suitable	 for	 further	 downstream	 analysis	were	
computed	 for	ancient	and	modern	samples	with	 the	GATK	v3.8-	0	
CallableLoci	 tool,	 requiring	a	minimum	read	mapping	quality	of	30	
and	a	minimum	base	quality	of	20.	The	input	BAM	files	for	the	an-
cient	individuals	were	generated	by	merging	all	of	that	group's	BAM	
files	with	 samtools	merge	 and	 replacing	 the	 read	 groups	with	 the	
picard-	tools	 v2.20.2	 AddOrReplaceReadGroups	 tool.	 For	 modern	
samples,	only	a	single	BAM	file	 (sample	T-	15)	was	used.	The	aver-
age	depth	of	these	merged	BAM	files	was	calculated	with	samtools	
depth	 at	 mapping	 quality	 30	 and	 base	 quality	 20	 (ancient = 43.6,	
modern = 57.4).	The	minimum	depth	was	calculated	as	one-	third	of	
the	mean	depth	(ancient = 15,	modern = 20)	and	the	maximum	depth	
as	twice	the	mean	depth	(ancient = 87,	modern = 115).	The	files	were	
then	 further	 processed	 with	 bedtools	 v2.30.0	 (Quinlan,	 2014)	 in	
order to be used with the - sites and - rf	options	of	angsd	v0.931.	Sites	
that	were	marked	with	excessive	coverage	or	poor	mapping	quality	
were	excluded	from	downstream	analysis.

2.7  |  Mitogenome alignment and 
haplotype analysis

Variants	 in	 the	 mitogenome	 were	 identified	 with	 GATK	 v4.2.5.0	
using	 a	 reindeer	mitochondrial	 genome	 sequence	 (Li	 et	 al.,	2017)	
as	 the	 reference.	 For	 this,	 haplotypes	 were	 called	 with	 GATK	
HaplotypeCaller	requiring	a	minimum	read	mapping	quality	of	30.	
Variants were only called when they were above a minimum phred- 
scaled	 confidence	 threshold	 of	 30	 (- stand- call- conf 30).	 We	 veri-
fied	that	all	samples'	mitochondrial	genomes	were	sequenced	to	a	
minimum	depth	of	30x	after	removing	reads	with	mapping	quality	
below	30	 (see	Table 1).	GVCF	 files	were	merged	using	 the	GATK	
GenomicsDBImport	 tool,	 and	 a	 joined	 SNP	 call	 was	 performed	
with	 GATK	 GenotypeGVCFs	 with	 the	 setting	 - stand- call- conf 30. 
Mitochondrial	 haplotypes	 in	 the	 output	 variant	 call	 format	 (VCF)	
file	were	used	 to	populate	 a	 FASTA	multiple	 sequence	 alignment	
file	using	a	custom	python2	script.	In	this	alignment,	insertions	and	
deletions	 were	 ignored,	 and	 individual	 haplotypes	 were	 deemed	
ambiguous	 (‘N’)	 if	 the	 sequencing	 depth	was	<10	 reads	 or	 if	 the	
genotype	quality	score	was	<20.	Despite	these	measures,	one	sam-
ple	(MB16	with	17%	‘N’)	was	ambiguously	assigned	to	a	haplotype	
and	therefore	removed	from	the	analysis.

We used the ape	package	(Paradis	&	Schliep,	2019)	in	R to import 
the	16,362-	bp	mitogenome	sequence	alignment	and	then	extracted	
haplotypes with the haplotype	 function	 from	 the	 pegas package 



    |  7 of 20KELLNER et al.

(Paradis,	2010).	We	visualized	haplotype	diversity	with	 a	 network	
linking	 haplotypes	 based	 on	 a	 parsimony	 criterion	minimizing	 the	
number	 of	 sites	 segregating	 between	 haplotypes	 (i.e.,	 TCS	 algo-
rithm).	Such	an	algorithm	uses	an	 infinite	site	model	 to	calculate	a	
pairwise	distance	matrix	of	 the	haplotypes,	with	pairwise	deletion	
of	missing	data.	With	the	haploNet	function	(Templeton	et	al.,	1992)	
from	pegas,	we	plotted	haplotype	networks	from	 individuals	 living	
before,	during,	and	after	the	hunting	period.	Note	that	for	this	spe-
cific	analysis,	we	included	the	two	mitogenomes	from	Franz	Joseph	
Land	 as	 outgroups	 to	 inform	 on	 the	 ancestral	 Svalbard	 reindeer	
haplotype.	 Across	 all	 Svalbard	mitogenome	 sequences	 and	within	
each	time	period,	we	calculated	genetic	diversity	statistics	in	pegas,	
using the haplo.div	function	to	calculate	haplotype	diversity	(Nei	&	
Tajima,	1981)	and	the	nuc.div	function	to	calculate	nucleotide	diver-
sity	(Nei,	1987).	The	number	of	segregating	sites	was	summed	from	
the seg.sites	function	in	ape.

2.8  |  Genotype likelihood estimation

Genotype	likelihoods	for	nuclear	genome	loci	were	estimated	with	
angsd	v0.931,	excluding	 reads	with	multiple	matches	 to	 the	 refer-
ence	 genome	 (option	 - uniqueOnly 1).	Allele	 frequencies	were	 esti-
mated with the option - doGlf 2	using	the	combined	estimators	 for	
fixed	major	 and	minor	 allele	 frequency	 as	well	 as	 fixed	major	 and	
unknown	 minor	 allele	 frequency	 (- doMaf 3).	 Major	 and	 minor	 al-
lele	 frequencies	 were	 inferred	 from	 genotype	 likelihood	 data	
(- doMajorMinor 1).	Variant	 sites	were	 considered	when	 they	had	 a	
minimum	 minor	 allele	 frequency	 of	 5%	 and	 minimum	 number	 of	
informative	 individuals	 set	 to	 half	 the	 total	 number	 of	 individuals	
(- minInd 50).	Reads	with	a	phred-	scaled	mapping	quality	score	below	
30	were	excluded,	as	were	bases	with	a	quality	score	below	20	as	
well	as	 reads	with	a	samtools	 flag	above	255	 (not	primary,	 failure,	
and	duplicate	reads)	with	the	option	- remove_bads 1.	The	first	five	
bases	were	trimmed	from	both	ends	of	reads	(- trim 5),	and	the	fre-
quencies	of	the	bases	were	recorded	with	- doCounts 1.	The	depth	of	
each	individual	(- dumpCounts 2)	and	the	distribution	of	sequencing	
depths	(-	doDepth	1)	were	recorded.	Files	to	be	used	in	subsequent	
analyses	 with	 Plink	 were	 generated	 (- doPlink 2).	 Genotypes	 were	
encoded	 (- doGeno 2)	 for	downstream	analysis.	Posterior	 genotype	
probabilities	 were	 estimated	 based	 on	 allele	 frequencies	 as	 prior	
(- doPost 1).	Genotypes	were	only	considered	if	their	posterior	proba-
bility	was	above	95%	(- postCutoff 0.95).	Genotypes	were	considered	
missing	in	cases	when	the	individual	depth	was	below	2	(- geno_minD-
epth 2).	Before	further	analysis,	sites	in	strong	linkage	disequilibrium	
were	pruned	with	Plink	v1.90	beta	6.24	(Chang	et	al.,	2015)	using	a	
window	size	of	50	kbp,	a	step	size	of	3	kbp,	and	a	pairwise	r2 thresh-
old	of	0.5	(- indep- pairwise 50 3 0.5).	Subsequently,	regions	with	low	
mapping	quality,	excessive	coverage	as	identified	with	CallableLoci	
(see	above),	or	associated	with	sex	chromosomes	(for	methods	see	
Burnett	et	al.,	2023)	were	removed	via	a	custom	python	script.	Also	
excluded	were	sites	that	are	not	variant	in	both	the	ancient	and	mod-
ern datasets.

2.9  |  Principal components and admixture analyses

We	visually	identified	related	clusters	with	covariance	matrices	for	
principal	component	analysis	(PCA)	using	PCAngsd	v1.10	(Meisner	
&	Albrechtsen,	2018),	running	10,000	iterations	to	ensure	conver-
gence.	 Samples	were	 grouped	both	 spatially	 and	 by	 time	period	
(pre-	,	 during-	,	 and	post-	hunting).	A	 spatial	 group	was	defined	 as	
all	 individuals	 from	 each	 time	 period	 that	 were	 sampled	 within	
80 km	 around	 centroid	 points	 calculated	 by	 hierarchical	 cluster-
ing with the Geosphere	package	in	R	(see	map	in	Figure 3b–d and 
Figures S7–S15).	Genetic	structure	was	estimated	with	NGSadmix	
(Skotte	et	al.,	2013),	 including	only	variant	sites	with	a	minimum	
minor	allele	frequency	of	5%	and	minimum	number	of	informative	
individuals	set	to	half	the	total	number	of	individuals	(- minInd 50).	
The	number	of	estimated	ancestral	populations	K	ranged	from	2	to	
10.	For	each	value	of	K,	each	of	ten	replicates	was	run	with	differ-
ent	random	starting	seeds,	and	the	replicate	with	the	highest	like-
lihood	was	used	for	plotting.	An	optimal	value	for	K was estimated 
with the delta- K	method	(Evanno	et	al.,	2005).	Admixture	diversity	
scores were calculated based on K = 4	using	the	R	package	entropy,	
as	described	in	Kim	and	Harismendy	(2017).	 In	order	to	evaluate	
possible	 sampling	bias,	we	 repeated	 the	analysis	with	 a	 reduced	
dataset	(see	below).

2.10  |  Estimation of heterozygosity

Site	 allele	 frequency	 likelihoods	 were	 calculated	 for	 each	 sam-
ple	 individually	with	 angsd	 (command-	line	 option	 - doSaf 1)	 with	
a	minimum	base	quality	of	20	and	a	minimum	read	mapping	qual-
ity	 of	 30,	 using	 only	 selected	 sites	 and	 regions	 described	 previ-
ously	 and	 removing	 transitions	 (command-	line	 option	 - noTrans 
1)	 as	 well	 as	 5 bp	 from	 the	 ends	 of	 all	 reads	 (- trim 5)	 to	 reduce	
artefacts	of	 ancient	DNA	damage.	Reads	with	multiple	best	hits	
and	non-	primary,	 failed,	and	duplicate	reads	were	removed	from	
the	 analysis	 (command-	line	 options	 - uniqueOnly 1 and - remove_
bads 1).	 To	 polarize	 the	 site	 allele	 frequency	 (SAF)	 likelihoods,	 a	
FASTA	format	file	with	ancestral	states	(see	above)	was	supplied	
(command-	line	option	- anc).	The	GATK	model	(command-	line	op-
tion - GL 2)	was	used	to	estimate	genotype	likelihoods.	Then,	the	
site	frequency	spectrum	(SFS)	was	estimated	with	angsd	realSFS	
based	on	the	polarized	SAF	likelihoods.	Heterozygosity	was	then	
calculated in R as described in the angsd documentation. A pair-
wise	Mann–Whitney	U	test	with	default	settings	as	implemented	
in	 R	 was	 performed	 to	 judge	 the	 significance	 of	 differences	 in	
heterozygosity	 between	 groups.	We	 obtained	 the	 delta	 estima-
tor	 (Díez-	Del-	Molino	 et	 al.,	 2018)	 of	 heterozygosity	 (ΔH)	 by	 cal-
culating ΔH =

(med(H2) −med(H1))

med(H1)
,	with	H2	 being	 the	 set	of	 individual	

genome-	wide	 heterozygosity	 values	 in	 the	 younger	 sample	 set,	
H1	 being	 the	 set	 of	 individual	 genome-	wide	 heterozygosity	 val-
ues	in	the	older	sample	set,	and	med	being	the	median	value.	The	
heterozygosity	analyses'	power	(1-	β)	was	investigated	with	a	one-	
tailed,	two-	sample	t-	test	using	function	pwr.t2n- test within the R 
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package	pwr.	We	removed	sample	T-	26	from	the	analysis	of	het-
erozygosity	as	its	low	sequencing	depth	below	0.5× produced un-
reliable	estimates	of	heterozygosity	multiple	orders	of	magnitude	
below all other samples.

2.11  |  Temporal genomic differentiation

To	 assess	 the	 potential	 phenotypic	 impacts	 of	 overharvest	 on	
Svalbard	 reindeer,	we	 identified	 genomic	 regions	 that	were	highly	
differentiated	 in	 a	 comparison	 of	 the	 three	 time	 groups	 among	
each	other.	To	reduce	potential	biases	introduced	by	the	large	size	
of	 the	 contemporary	 reindeer	 population	 sample,	 a	 smaller	 data-
set	 of	modern	 individuals	 representing	 all	 geographic	 regions	was	
chosen	 semi-	randomly	 (n = 11).	 The	 selected	 samples	 were	 T-	15,	
T-	7	(Wijdefjorden),	B1,	B2,	T-	44	(Central	Spitsbergen),	C6,	C7	(East	
Svalbard),	 T-	20	 (West	 Spitsbergen),	 C28	 (Nordaustlandet),	 and	 B-	
132,	 C-	84	 (South	 Spitsbergen).	 Within-	population	 site	 frequency	
spectra	were	calculated	with	angsd	v0.931	using	the	options	- dosaf 
1,	- gl 1,	- noTrans 1,	- trim 5,	- remove_bads 1,	- minMapQ 30,	and	- minQ 
20.	As	described	above,	the	SAF	was	polarized	with	ancestral	states,	
and	only	selected	sites	and	regions	were	used.	The	pairwise	2D-	SFS	
was estimated with the angsd realSFS	tool	(Nielsen	et	al.,	2012),	and	
between-	population	differentiation	FST values were estimated with 
realSFS	commands	fst index and fst stats.

Additionally,	 an	 FST	 sliding	 window	 analysis	 was	 performed	 as	
pairwise	comparisons	among	the	time	groups,	using	the	angsd	realSFS 
command fst stats2	with	non-	overlapping	10-	kbp	windows.	FST values 
were z-	transformed	around	their	mean,	and	windows	with	z ≥ 6	were	
defined	as	outlier	windows.	The	neutrality	test	statistics	Watterson's	
theta	(Watterson,	1975),	and	Fay	and	Wu's	H	(Fay	&	Wu,	2000)	were	
calculated	within	the	same	windows	by	using	the	angsd	realSFS	com-
mands saf2theta and thetaStat do_stat.	The	mean	per-	site	Watterson's	
theta	estimator	was	used	to	calculate	effective	population	size	(Ne)	as-
suming	the	average	mammalian	mutation	rate	of	2.2	× 10−9 per site per 
year	(Kumar	&	Subramanian,	2002)	and	a	generation	time	of	6 years	
as	previously	estimated	for	Svalbard	reindeer	(Flagstad	et	al.,	2022).	
Mean	nucleotide	diversity	was	calculated	by	dividing	pairwise	theta	
by	the	number	of	sites	in	each	10-	kbp	window.

We	further	investigated	the	roles	and	functions	of	genes	within	
regions	 of	 high	 divergence	 between	 the	 during-	hunting	 and	 post-	
hunting	periods,	which	we	defined	as	 regions	with	mean	FST ≥ 0.5.	
We	 retrieved	 the	 amino	 acid	 sequences	 of	 known	 caribou	 genes	
from	 the	 annotation	 provided	 by	 Taylor	 et	 al.	 (2019).	 Amino	 acid	
sequences	 of	 all	 20,014	 Bos taurus	 proteins	 were	 retrieved	 from	
UniProt	 (UniProt	Consortium,	2021)	and	used	 to	construct	a	blast	
protein database with the makeblastdb tool within blast+ v2.6.0 
(Altschul	 et	 al.,	 1990).	 The	 sequences	were	 identified	 via	 a	blastp 
search against the Bos taurus	protein	database,	only	considering	re-
sults with an e- value <0.001.	To	 select	 the	best	matching	protein	
for	each	query	sequence,	 the	 result	with	 the	smallest	e- value was 
chosen.	 Ties	were	 resolved	 by	 first	 considering	 highest	 bit	 score,	
then	 percentage	 identity,	 and	 finally	 alignment	 length.	 We	 then	

identified	which	protein-	coding	genes	intersect	with	regions	of	high	
divergence.

3  |  RESULTS

3.1  |  Read mapping and post- mortem DNA damage 
assessment

The	final	dataset	consists	of	12	Svalbard	reindeer	with	calibrated	me-
dian	age	ranging	between	3973	and	500	BP	(hereafter	referred	to	as	
the	‘pre-	hunting’	population,	Figure 1),	six	individuals	with	age	ranging	
between	447	BP	and	1950 CE	 (hereafter	 referred	 to	as	 the	 ‘during-	
hunting’	population,	Figure 1),	and	90	present-	day	individuals	(hereaf-
ter	referred	to	as	the	‘post-	hunting’	population,	Figure 1).	For	genetic	
comparisons	between	DNA	from	subfossil	bones/antlers	and	contem-
porary	samples,	the	18	pre-	hunting	and	during-	hunting	individuals	are	
collectively	referred	to	as	the	 ‘ancient’	population,	and	the	90	post-	
hunting	individuals	are	referred	to	as	the	‘modern’	population.	For	the	
nuclear	genome	analysis,	 seven	pre-	hunting	samples	were	excluded	
due	to	their	low	sequencing	depth,	resulting	in	11	ancient	samples.

Nuclear	genome	raw	mapping	results	are	reported	 in	Table S1. 
After	filtering	soft-	clipped	reads	and	reads	with	low	mapping	quality,	
the	mean	sequencing	depth	across	all	samples	(including	those	that	
were	only	used	for	haplotype	network	analysis)	mapped	against	the	
caribou	reference	assembly	was	5.24×	 (mean	ancient	DNA:	2.45×; 
mean	modern	 DNA:	 5.80×)	 (see	 Table S2).	 The	mean	 sequencing	
depth across all samples was slightly higher when mapping against 
the	 Svalbard	 reference	 genome	 (mean	 across	 all	 samples:	 5.32×; 
mean	ancient	DNA:	2.51×;	mean	modern	DNA:	5.88×).	The	mean	
sequencing	depth	of	 the	mitochondrial	genome	across	all	 samples	
was	 1309.88×	 (mean	 ancient	DNA:	 356.19×;	mean	modern	DNA:	
1500.62×).	The	ancient	genomes	were	confirmed	to	show	charac-
teristic	ancient	DNA	damage	patterns	(see	Figure S5).

3.2  |  Population structure

In	order	to	assess	population	structure	before,	during,	and	after	the	
period	 of	 intense	 hunting,	 which	 resulted	 in	 local	 extirpation	 fol-
lowed	by	 recolonization,	we	performed	a	PCA	of	nuclear	 genome	
variation	 and	 an	 analysis	 of	 genetic	 admixture	 based	 on	 nuclear	
genome	 genotype	 likelihoods,	 as	well	 as	 constructed	 a	 haplotype	
network	from	mitogenome	sequences.	To	identify	patterns	in	these	
results,	we	then	analysed	them	according	to	the	division	of	Svalbard	
reindeer metapopulation into 12 spatiotemporal groups.

3.2.1  |  Population	structure	results	based	on	
nuclear	DNA

After	filtering,	42,346	polymorphic	nuclear	genomic	positions	were	
retained	 for	 analysis.	 Except	 for	 a	 few	 outliers,	 the	 post-	hunting	
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genomes	cluster	based	on	their	geography	in	the	PCA	when	consid-
ering	the	first	two	components	PC1	and	PC2	(Figure 2).	There	was	
a	clear	separation	of	eastern	(East	Svalbard),	northern	(Wijdefjorden	
and	Nordaustlandet),	and	southwestern	 (Central,	South,	and	West	
Spitsbergen)	 individuals.	 Post-	hunting	 individuals	 from	 southern,	
western,	southwestern,	and	central	Spitsbergen	form	a	single	tight	
cluster.	The	northern	groups	Nordaustlandet	and	Wiljdefjorden	are	
not	as	 clearly	 separated	 from	each	other,	where	 the	Wijdefjorden	
genomes	form	a	particularly	diffuse	cluster.	The	ancient	genomes,	
irrespective	 of	 their	 geographic	 assignment,	 form	 a	 loose	 cluster	
around	the	centre	of	the	PC2	axis	and	towards	the	left	of	the	PC1	
axis	between	the	Nordaustlandet,	Wijdefjorden,	and	East	Svalbard	
clusters	of	post-	hunting	genomes.

We	 performed	 an	 admixture	 analysis	 with	 a	 dataset	 including	
all	 individual	nuclear	genomes	 (Figure 3,	 Figures S6 and S16).	The	
highest ΔK	value	was	found	for	K = 4	 (2769.4,	Figure S17).	The	as-
signment	 of	 modern	 groups	 to	 estimate	 genetic	 clusters	 strongly	
correlates	with	geography,	while	ancient	groups	do	not.	These	four	
major	 genetic	 clusters	 of	 Svalbard	 reindeer	 are	 a	 pink	 cluster,	 the	
exclusive	component	of	post-	hunting	east	Svalbard	 individuals	 (di-
versity	score	[DS] = 0)	and	to	a	smaller	part	of	south	Spitsbergen	and	
Nordaustlandet;	a	blue	cluster,	characteristic	for	west	Spitsbergen	
(DS = 0.086)	 and	 the	 major	 component	 of	 Central	 and	 South	
Spitsbergen	 and	 a	 minor	 component	 of	 Wijdefjorden;	 a	 green	
cluster	which	 is	 the	main	component	of	Wijdefjorden	 (DS = 0.242)	

and	 Nordaustlandet	 (DS = 0.693)	 individuals;	 and	 a	 yellow	 cluster	
that	 is	a	minor	component	of	central	 (DS = 0.349),	west	and	south	
Spitsbergen	 (DS = 0.419)	and	Nordaustlandet.	There	appears	 to	be	
a	 north–south	 and	 east–west	 geographic	 divide	 between	modern	
groups,	with	the	northern	groups	(Wijdefjorden	and	Nordaustlandet)	
mainly	belonging	to	the	green	cluster,	southern	and	western	Svalbard	
mainly	belonging	 to	 the	blue	 cluster	 and	east	Svalbard	mainly	be-
longing	to	the	pink	cluster.	The	geographic	division	becomes	more	
pronounced at higher K	 values,	where	Nordaustlandet	 develops	 a	
private genetic cluster at K > 5	 (Figure 3,	 Figures S6 and S11–S15)	
and	south	Spitsbergen	becomes	more	distinct	from	west	and	cen-
tral	Spitsbergen	starting	at	K = 5	(Figure 3,	Figure S6)	developing	a	
private genetic cluster at K > 7	 (Figures S6 and S13–S15; Figure 3).	
As	 expected,	 there	 is	 a	 high	 amount	 of	 shared	 ancestry	 between	
West	 Spitsbergen	 and	Central	 Spitsbergen,	 the	 source	population	
from	which	it	was	reintroduced	(Aanes	et	al.,	2000).	Only	very	little	
ancestry	is	shared	between	East	Svalbard	and	the	other	groups,	and	
the	 same	 is	 true	 for	Nordaustlandet.	Overall,	 the	ancestry	assign-
ments	agree	well	with	the	groupings	in	the	PCA.

In	 contrast,	 the	 spatiotemporal	 groups	 of	 ancient	 individuals	
are	not	strongly	distinct	from	one	another	in	the	admixture	analysis	
(Figure 3).	 All	 groups	 except	 during-	hunting	Wijdefjorden	 (DS = 0)	
carry	 ancestry	 from	 all	 four	 genetic	 clusters	 for	K = 4	 (DS	 0.440–
0.868),	irrespective	of	their	geographic	distance	from	one	another.	
Diversity	was	maintained	throughout	the	hunting	period,	apart	from	

F I G U R E  2 Principal	component	analysis	(PCA)	of	the	genomic	variation	of	Svalbard	reindeer.	The	first	two	principal	components	(PCs)	are	
shown.	Colour	denotes	affiliation	with	a	geographic	cluster.	Shape	denotes	affiliation	with	a	time	period.	C-	Spitsbergen,	Central	Spitsbergen;	
S-	Spitsbergen,	South	Spitsbergen;	W-	Spitsbergen,	West	Spitsbergen;	E-	Svalbard,	East	Svalbard.
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Wijdefjorden.	 All	 ancient	 individuals	 share	 moderate	 proportions	
of	ancestry	with	post-	hunting	Nordaustlandet	 (yellow)	and	smaller	
proportions	with	post-	hunting	East	Svalbard.	This	 trend	continues	
for	values	of	K up until K = 5.	However,	beginning	with	K = 6,	the	sim-
ilarity	between	post-	hunting	Nordaustlandet	and	ancient	individuals	
(except	for	pre-	hunting	Nordaustlandet)	largely	disappears.	Instead,	
we	observed	the	emergence	of	a	new	cluster	at	K = 5	(orange)	that	
is	shared	among	all	ancient,	but	only	very	small	proportions	of	post-	
hunting	 individuals	 are	 assigned	 to	 it.	 Furthermore,	 all	 individuals	
from	 during-	hunting	Wijdefjorden	 are	 assigned	 exclusively	 to	 this	
cluster.	As	admixture	analysis	can	be	biased	when	having	unequal	
sample	sizes	(Garcia-	Erill	&	Albrechtsen,	2020;	Puechmaille,	2016),	
we	 additionally	 performed	 an	 analysis	 with	 a	 reduced	 sample	 set	
with	more	equal	 sample	sizes	by	 reducing	 the	number	of	contem-
porary	samples.	This	analysis	confirmed	the	major	results	regarding	
the	population	structure	of	the	ancient	samples	that	were	obtained	
using	 the	 complete	 dataset	 (Figure S16).	 For	 example,	 at	K = 4,	 all	
ancient	samples	share	high	proportions	of	private	ancestry	(green),	

except	for	pre-	hunting	Nordaustlandet,	which	shows	high	affinity	to	
modern	Nordaustlandet	and	Wijdefjorden	(Figure S16).

3.2.2  |  Population	structure	results	based	on	
mitochondrial	DNA

We	found	30	distinct	haplotypes	 (32	 including	 the	outgroup	sam-
ples	 from	 Franz	 Joseph	 Land)	 from	 the	mitogenome	 alignment	 of	
108	 individuals,	 and	 none	 of	 these	 haplotypes	 were	 shared	 be-
tween	 individuals	 in	 the	 pre-		 and	 post-	hunting	 period	 (Figure 4).	
However,	 haplotype	 relatedness	 does	 not	 group	 per	 time	 period.	
Instead,	post-	hunting	haplotypes	were	primarily	at	the	periphery	of	
the	network,	branching	from	different	ancient	ancestors	located	at	
the	centre	of	 the	network	 (Figure 4).	Half	of	 these	30	haplotypes	
belonged	to	18	individuals	from	the	ancient	populations,	while	the	
other	 half	 belonged	 to	 the	 90	 individuals	 from	 the	 post-	hunting	
populations.	 The	 outgroup	 samples	 from	 Franz	 Joseph	 Land	 root	

F I G U R E  3 Admixture	analysis	of	Svalbard	reindeer	in	relation	to	sampling	location.	(a)	Bar	plot	of	admixture	proportions	for	K = 4	to	K = 7.	
Each	bar	represents	one	individual	Svalbard	reindeer,	and	the	colour	represents	affiliation	to	a	proposed	ancestral	population.	Individuals	
are	grouped	by	spatiotemporal	groups	as	defined	by	cluster	analysis.	(b–d)	Admixture	proportions	by	sampling	location	for	K = 4.	Individuals	
sampled	within	80 km	of	each	other	are	clustered	together	into	the	same	pie.	Pie	size	is	scaled	with	the	number	of	individuals.	Individual	
ancestry	proportions	b	before	the	hunting	period,	c	during	the	hunting	period,	and	d	after	the	hunting	period.	C-	Spitsbergen,	Central	
Spitsbergen;	S-	Spitsbergen,	South	Spitsbergen;	W-	Spitsbergen,	West	Spitsbergen;	E-	Svalbard,	East	Svalbard.
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at	the	oldest	Svalbard	samples	 (East	Svalbard)	at	the	centre	of	the	
network.	 Each	 of	 the	 12	 individuals	 from	 the	 pre-	hunting	 period	
had	distinct	haplotypes	with	up	to	32	segregating	sites.	Individuals	

from	 the	 same	 region	 (i.e.,	 East	 Svalbard)	 had	 only	 1–3	 segregat-
ing	 sites	 despite	 the	 thousands	 of	 years	 separating	 the	 sampled	
individuals	 (e.g.,	 East	 Svalbard,	2037 years	difference	 for	only	one	

F I G U R E  4 Haplotype	network	of	Svalbard	reindeer	mitogenomes	during	three	temporal	hunting	periods.	(a)	Pre-	hunting.	(b)	During-	
hunting.	(c)	Post-	hunting.	The	network	includes	two	mitogenomes	from	the	extinct	population	of	reindeer	from	the	arctic	archipelago	of	
Franz	Josef	Land	(not	shown	on	map)	as	outgroups.	The	number	of	individuals	sharing	the	same	haplotype	is	indicated	in	the	centre	of	the	
circle.	Light	grey	circles	indicate	the	positioning	of	haplotypes	that	do	not	belong	to	the	time	period	in	focus.	The	diameter	of	the	circles	
indicates	the	number	of	individuals	sharing	that	haplotype	and	is	scaled	from	1	(i.e.,	min.	haplotype	number	of	1)	to	2	(i.e.,	max.	haplotype	
number	of	21).	In	the	pre-	hunting	period,	calibrated	carbon-	dated	ages	are	reported	as	the	median	age	probability	in	years	before	present	
(before	1950 AD).	Calibrated	age	ranges	are	reported	in	Table 1.	C-	Spitsbergen,	Central	Spitsbergen;	S-	Spitsbergen,	South	Spitsbergen;	W-	
Spitsbergen,	West	Spitsbergen;	E-	Svalbard,	East	Svalbard.
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segregation	 site	 difference).	 However,	 some	 individuals	 from	 the	
same	 region,	 living	 at	 approximately	 the	 same	 time	 (e.g.,	 Central	
Spitsbergen,	597	and	703	BP),	have	the	most	divergent	haplotypes	
for	 the	given	region	and	are	even	more	distant	 than	Franz	Joseph	
Land	outgroups.	 In	 the	during-	hunting	period,	 four	out	of	six	 indi-
viduals	(66%)	shared	the	same	haplotype,	and	those	were	from	the	
same	region,	Wijdefjorden.	In	the	post-	hunting	period,	we	found	up	
to	36	different	segregation	sites,	forming	seven	distinct	haplogroups	
separated	by	fewer	than	three	mutations,	where	several	individuals	
from	the	same	region	shared	the	same	haplotype.	However,	within	
the	same	region,	we	also	 found	very	distant	haplotypes	with	 indi-
viduals more closely related to their common ancestral haplotype 
than	to	one	another.	For	instance,	in	the	Central	Spitsbergen	region,	
modern haplotypes were either closely related to the haplotypes 
previously	found	in	that	same	region	or	previously	found	in	Eastern-	
Svalbard.	Therefore,	haplotypes	found	today	within	the	same	region	
are	more	 distant	 than	 haplotypes	 currently	 found	 across	 regions.	
Subsequently,	 although	 mitochondrial	 haplotype	 and	 nucleotide	
diversity were lower in the post- hunting than in the pre- hunting 
period,	they	have	not	been	drastically	reduced	by	hunting	(Table 2).

3.3  |  Temporal genomic differentiation

Heterozygosity	 decreased	 stepwise	 through	 the	 hunting	 periods,	
from	the	highest	in	the	pre-	hunting	group	to	the	lowest	in	the	post-	
hunting	 group,	 although	 there	was	 considerable	 overlap	 between	
the	heterozygosity	 ranges	of	 the	 three	 groups	 (see	Figure 5).	 The	
median	heterozygosities	are	3.8	× 10−4	for	the	pre-	hunting	period,	
3.1 × 10−4	for	the	during-	hunting	period,	and	2.8	× 10−4	for	the	post-	
hunting	period	(Table 2).	The	differences	in	mean	heterozygosity	be-
tween	during-	hunting	and	the	other	two	groups	are	not	significant	
(pre-	hunting:	p = .66,	 post-	hunting:	p = .10,	Mann–Whitney	U	 test),	
while	 post-	hunting	 heterozygosity	 is	 significantly	 lower	 than	 pre-	
hunting	(p < .01,	Mann–Whitney	U	test).	Note	that	despite	the	small	
sample	size	in	the	pre-	hunting	group	(n = 5),	the	power	to	correctly	

reject that the pre- hunting group did not have a higher mean than 
the	post-	hunting	group	was	high	(1-	β = 0.96,	one-	sided	two-	sample	
t-	test).	The	decrease	in	median	heterozygosity	from	pre-	hunting	to	
during-	hunting	 reindeer	 is	 18%,	 and	 post-	hunting	 reindeer	 have	 a	
10%	lower	median	heterozygosity	than	during-	hunting	reindeer.	The	
median	heterozygosity	of	post-	hunting	reindeer	 is	26%	lower	than	
that	 of	 pre-	hunting	 reindeer.	 Effective	 population	 size	 in	 the	 pre-	
hunting period was 5.21 × 103.	It	increased	by	10%	to	5.84	× 103 by 
the	time	of	the	during-	hunting	period.	 It	subsequently	dropped	by	
20%	to	4.66	× 103	in	the	post-	hunting	period.	In	the	sliding	window	
analysis,	the	mean	nucleotide	diversity	across	all	windows	was	3.34	
× 10−4	 in	 the	pre-	hunting	population,	slightly	higher	at	3.35	× 10−4 
in the during- hunting population and reduced to 3.23 × 10−4 in the 
post- hunting population.

There	were	a	total	of	217,247	windows	identified	by	the	slid-
ing	 window	 analysis,	 of	 which	 183	 (0.1%)	 were	 FST outlier win-
dows	 as	 defined	 by	 a	 Z-	score ≥6	 (Figure 6).	 The	 mean	 value	 of	
weighted pairwise FST	 was	 1.91	 × 10

−2	 for	 the	 pre-	hunting	 and	
during-	hunting	 populations,	 3.27	× 10−2	 for	 the	 pre-	hunting	 and	
post-	hunting	populations,	and	5.06	× 10−2	 for	 the	during-	hunting	
and	post-	hunting	populations.	The	mean	number	of	sites	across	all	
windows	was	8649,	and	 the	mean	number	of	 sites	within	outlier	
windows	was	8843.	To	assess	whether	windows	were	under	pos-
itive	 selection,	we	 performed	 neutrality	 tests	 to	 compare	 Fay	&	
Wu's H	between	during-	hunting	outlier	and	non-	outlier	windows,	
as well as between post- hunting outlier and non- outlier windows. 
Comparison shows that H is much lower and more broadly distrib-
uted in ancient outlier windows compared to all the other groups 
(Figure 6 and Figure S18).

To	 explore	 any	 functional	 genetic	 changes	 that	may	 have	 re-
sulted	from	overhunting	and	near-	extirpation	of	Svalbard	reindeer,	
we	 further	 investigated	 those	 outlier	 genomic	 regions	 with	 ex-
traordinarily high FST	 (FST ≥ 0.5)	as	measured	between	the	during-	
hunting	and	post-	hunting	populations,	as	well	as	the	 identity	and	
functions	of	 the	genes	 therein	 (Table S4).	We	 identified	50	high-	
divergence	outlier	windows	which	 intersect	with	genes,	of	which	

TA B L E  2 Measures	of	diversity	statistics	from	the	mitogenome	analysis	and	genomic	diversity.

Time period

Mitochondrial genome Nuclear genome

N
Num. 
Haplo.

Num. 
Seg. 
Sites Hap. div. Nuc. div. N Mean (±SD). Med. het. Nuc. div. Ne

Pre-	hunting 12 12 32 1.00 ± 5.79E-	04 4.88E-	04 5 3.8E-	04	(±7.3E-	05).	3.8E-	04 3.34E-	04 5.21E+03

During-	hunting 6 3 13 0.60 ± 4.54E-	02 3.03E-	04 6 3.9E-	04	(±1.5E-	04).3.1E-	04 3.35E-	04 5.84E+03

Ancient	(Pre-		and	
During-	hunting)

18 15 40 0.96 ± 11.01E-	04 4.84E-	04 11 3.9E-	04	(±1.2E-	04).
3.4E-	04

Post-	hunting 90 15 36 0.85 ± 2.42E-	04 4.50E-	04 89 2.9E-	04	(±4.4E-	05).2.8E-	04 3.23E-	04 4.66E+03

All genomes 108 30 56 0.90 ± 1.80E-	04 5.16E-	04 100 3.0E-	04	(±6.4E-	05).
2.9E-	04

Abbreviations:	Hap.	div,	haplotype	diversity	and	its	standard	deviation;	Med.	het.,	median	heterozygosity;	N,	number	of	individuals;	Ne,	effective	
population	size;	Nuc.	div,	nuclear	diversity;	Nuc.	div.,	nucleotide	diversity;	Num.	haplo.,	Number	of	haplotypes;	Num.	seg.	sites.,	Number	of	
segregation sites.
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34	are	unique	annotated	genes	(Taylor	et	al.,	2019).	A	blastp	search	
against the Bos taurus	 proteome	 (see	 Materials	 and	 Methods)	
matched	 30	 of	 these	 34	 genes	 to	 29	 unique	Bos taurus proteins 
(Table S4).	Of	these	29,	17	are	predicted	proteins,	9	are	further	in-
ferred	from	homology,	and	4	have	evidence	at	transcriptome	level.	
For	17	of	 these	proteins,	 the	associated	coding	gene	 is	known	 in	
the	UniProt	database.	The	known	coding	genes	are	PLCH1,	TRIM72 
(MG53),	TIMM17B,	ANP32B,	APBA1,	BLNK,	CCNA1, DAB2IP,	EBF2/
COE2,	 HS3ST2,	 LOC529488,	 NRXN1,	 RABGAP1,	 SF3B1,	 SFMBT1,	
STRBP,	and	TTC39B.

4  |  DISCUSSION

Here,	 by	 combining	modern	 and	 the	 first	 ancient	 genomes	 (up	 to	
4000	BP),	we	have	described	and	compared	the	population	struc-
ture	and	genetic	changes	of	Svalbard	reindeer	before,	during,	and	
after	an	intense	period	of	anthropogenic	harvest.	We	have	shown	
that the population collapse due to overharvest decreased nuclear 
genomic	 diversity	 as	 well	 as	 effective	 population	 size	 (Figure 5,	
Table 2).	The	overhunting	event	also	 resulted	 in	a	shift	of	genetic	
diversity	across	the	entire	archipelago	(Figures 2 and 3),	suggesting	
weaker	 population	 substructure	 before	 human	 presence	 and	 har-
vest.	Mitogenome	analysis	also	revealed	a	significant	loss,	with	none	
of	 the	pre-	hunting	haplotypes	occurring	 today	 (Figure 4,	Table 2).	
Hence,	 post-	hunting	 haplotypes	 formed	 their	 own	 haplogroups,	
which	were	more	closely	linked	to	ancient	haplotypes	from	different	

regions	of	 Svalbard	 than	 to	 the	 ancient	haplotypes	 from	 their	 re-
spective	sampling	locations.	Gene	selection	analyses	indicate	pro-
nounced	genetic	drift	during	and	post-	hunting	periods	rather	than	
natural	selection	(Figure 6).

4.1  |  Major changes in population structure and 
differentiation

Our	 analysis	 of	 population	 structure	 based	 on	 whole	 nuclear	 ge-
nomes	revealed	substantial	differences	between	ancient	and	present-	
day	 Svalbard	 reindeer	 (Burnett	 et	 al.,	 2023;	 Peeters	 et	 al.,	 2020).	
Specifically,	 the	 ancient	 population	 possesses	 unique	 ancestry	 that	
is	largely	unidentified	in	the	modern	population.	Although	we	identi-
fied	K = 4	as	the	optimal	value	of	K with the delta- K	method,	in	light	of	
potential sampling bias and strong population structure in both space 
and	time,	we	see	the	 importance	of	discussing	higher	values	of	K as 
well.	 In	 contrast	 to	 the	high	degree	of	genetic	differentiation	 in	 the	
post-	hunting	populations,	which	show	a	near-	perfect	correspondence	
of	geographical	and	genetic	grouping,	Svalbard	reindeer	did	not	form	
distinct genetic clusters based on location prior to and during hunting. 
Instead,	 all	 geographic	 areas	 but	 one	 (Wijdefjorden)	 had	 higher	 nu-
clear	genetic	diversity	in	the	pre-	hunting	period.	Pre-	hunting	Svalbard	
reindeer	 individuals	 also	 showed	 affinity	 to	 all	 post-	hunting	metap-
opulations	for	K = 2	to	K = 7,	which	suggests	a	scenario	where	Svalbard	
reindeer	experienced	higher	levels	of	gene	flow	between	different	ge-
ographic	regions	in	the	past.	A	similar	situation	has	been	reported	for	

F I G U R E  5 Individual	genome-	wide	heterozygosity	by	time	period.	The	points	are	horizontally	scattered	to	increase	visibility.	Thick	
horizontal	line	in	the	boxplot	represents	the	median,	the	lower	and	upper	box	bounds	represent	the	25	and	75	percentiles,	respectively.	C-	
Spitsbergen,	Central	Spitsbergen;	S-	Spitsbergen,	South	Spitsbergen;	W-	Spitsbergen,	West	Spitsbergen;	E-	Svalbard,	East	Svalbard.
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the	Iberian	lynx	(Lynx pardinus	(Temminck,	1827)),	another	species	with	
a	 severe	history	of	overharvest	 (Casas-	Marce	et	al.,	2017).	Changes	
in population structure happened between the during- hunting and 
post-	hunting	groups,	rather	than	between	the	pre-	hunting	and	during-	
hunting	groups,	which	cover	a	much	longer	time	span,	suggesting	that	
the	 change	was	 a	 consequence	of	 overharvest.	Nevertheless,	 given	
our	 limited	sample	 size	of	ancient	nuclear	genomes	spanning	a	 long	
time	frame,	it	may	not	be	possible	to	fully	characterize	the	spatial	dis-
tribution	 of	 genetic	 structure	 of	 ancient	 Svalbard	 reindeer.	 Further	

efforts	to	sequence	additional	genomes	from	ancient	Svalbard	will	be	
useful	for	further	resolving	the	degree	of	genetic	structure	and	gene	
flow	that	existed	prior	to	human	disturbance.

Individuals	 from	modern	Nordaustlandet	were	most	 similar	 to	
their	ancient	counterparts	 for	all	values	of	K.	The	 reasons	 for	 this	
are	likely	the	absence	of	harvest-	induced	bottleneck	due	to	the	re-
moteness	of	this	 location,	 inaccessible	for	most	of	the	year	due	to	
sea-	ice	 cover	 and	 the	 small	 size	of	 this	 remnant	population	which	
remained	 low,	 surviving	 in	 a	 sparsely	 vegetated	 polar	 desert	 (Le	

F I G U R E  6 Outlier	genomic	windows	and	their	genes.	(a)	Comparison	of	Fay	&	Wu's	H	in	genomic	windows	as	measure	of	neutrality.	Here,	
H	was	measured	in	genomic	regions	(windows)	in	genomes	of	individuals	living	during-		(left)	and	post-	hunting	(right).	Regions	that	strongly	
diverged	(z- FST ≥6)	between	the	during-	hunting	and	post-	hunting	time	periods	are	called	‘outliers’	(green),	those	that	are	not	‘non-	outliers’	
(blue).	Each	violin	shows	the	distribution	of	H	in	each	type/period	pair,	respectively.	(b)	Manhattan	plot	of	genomic	windows,	highlighting	
windows	that	cross	the	threshold	of	Z- FST	greater	than	or	equal	to	6	(blue)	and	FST	of	greater	than	or	equal	to	0.5	(red).	High	FST windows 
that intersect with described genes are labelled with the gene name.
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Moullec	et	 al.,	 2019).	On	 the	 contrary,	other	 remnant	populations	
underwent	 rapid	population	growth	and	geographic	expansion	 (Le	
Moullec	et	al.,	2019).	This	 interpretation	 is	supported	by	the	PCA,	
which	places	modern	Nordaustlandet	closer	to	the	ancient	samples	
than	any	other	modern	population.	This	indicates	there	is	potential	
value	in	conservation	of	the	Nordaustlandet	population,	which	has	
perhaps	not	experienced	population	crashes	and	genetic	drift	to	the	
same	extent	as	the	populations	on	other	islands.

We	observed	 a	 gradual	 decrease	 in	 Svalbard	 reindeer	 genome	
heterozygosity	over	the	three	time	periods.	Median	heterozygosity	
was	 reduced	 by	 26%	over	 the	 time	 spanning	 the	 pre-	hunting	 and	
the	 post-	hunting	 periods.	 This	 decrease	 is	 congruent	with	 results	
obtained	 from	previous	 studies	 comparing	modern	 to	 historic/an-
cient vertebrates that underwent large- scale population declines 
due	 to	 anthropogenic	 near-	extirpation	 events,	 for	 example,	 the	
white	 rhinoceros	 (Ceratotherium simum	 (Burchell,	 1817),	 Sánchez-	
Barreiro	et	al.,	2021),	alpine	ibex	(Capra ibex,	Linnaeus,	1758,	Robin	
et	al.,	2022),	eastern	gorilla	(Gorilla beringei,	Matschie,	1903,	van	der	
Valk	et	al.,	2019),	 and	 iberian	 lynx	 (Casas-	Marce	et	al.,	2017).	The	
Svalbard	reindeer's	decrease	of	heterozygosity	over	time	is	of	similar	
severity	 to	 that	measured	 following	drastic	 population	declines	 in	
the	Iberian	lynx	(heterozygosity	reduction	of	10%	based	on	micro-
satellite	data	(Casas-	Marce	et	al.,	2017))	and	in	two	over-	harvested	
populations	of	white	rhinoceros	(heterozygosity	reductions	of	10%	
and	37%	respectively,	Sánchez-	Barreiro	et	al.,	2021).	A	study	by	van	
der	Valk	et	al.	(2019)	reported	a	20%	decrease	of	heterozygosity	in	
Grauer's	 gorillas	but	only	 a	3%	decrease	 in	mountain	gorillas.	 It	 is	
important	 to	note	 that	prior	 to	overharvesting,	 genome-	wide	het-
erozygosity	in	the	Svalbard	reindeer	population	was	already	among	
the	lowest	levels	observed	in	mammals	(Pečnerová	et	al.,	2023,	and	
Figure 5	therein),	perhaps	because	of	the	strong	bottleneck	they	ex-
perienced	during	the	colonization	of	Svalbard	(Dussex	et	al.,	2023).

Our	 analysis	 of	 temporal	 change	 in	 mitogenome	 diversity	 did	
not	 reveal	 any	 evidence	 of	 a	 major	 decrease	 in	 genetic	 diversity.	
The	 relatively	 high	 diversity	 of	 modern	 haplogroups	 (n = 7)	 con-
trasts	with	other	ungulate	 species	heavily	hunted	 in	 the	past,	 like	
the	 Alpine	 ibex,	 where	 only	 two	 modern	 haplogroups	 are	 now	
widespread	across	their	range	(Robin	et	al.,	2022).	Contrary	to	the	
Alpine	ibex,	in	which	mitogenome	nucleotide	diversity	was	reduced	
by ~79%	(6.38	× 10−4)	from	the	pre-	hunting	to	the	post-	hunting	pe-
riod,	Svalbard	reindeer	experienced	a	reduction	of	only	~8%	(0.38	
× 10−4).	However,	this	difference	could	be	explained	by	the	fact	that	
after	near-	extirpation,	 the	Svalbard	 reindeer	survived	 in	 four	 rem-
nant	populations,	as	opposed	to	the	Alpine	ibex,	which	survived	in	
only	a	single	remnant	population.	During	the	 intermediate	hunting	
period,	 the	mitogenome	nucleotide	diversity	 surprisingly	dropped,	
yet	this	is	likely	due	to	the	low	sample	size.	In	this	period,	large	in-
dividual	variation	existed,	where	two	of	the	six	individuals	had	the	
highest	genome-	wide	heterozygosity	observed	in	our	dataset,	while	
the	other	four	were	among	the	 lowest	values.	The	uncertainty	re-
lated to the carbon- dating calibration scale prior to the industrial 
era,	 which	 coincides	 with	 our	 during-	intermediate	 hunting	 period	
(1500–1950 CE),	 restricts	 the	 temporal	 resolution	 of	 this	 period.	

However,	previous	reports	documented	a	harvest	peak	in	the	early	
1900s	CE	(Hoel,	1916;	Lønø,	1959),	just	prior	to	the	legal	protection	
of	Svalbard	reindeer	in	1925.	Thus,	individuals	with	high	genetic	di-
versity	are	likely	to	have	lived	prior	to	this	harvesting	peak.

4.2  |  Potential climate change impacts 
during recovery

Accounting	 for	 the	 fact	 that	 current	 summer	 temperature	 has	 al-
ready	 increased	 by	 1.5–2°C	 since	 the	 reference	 period	 of	 1912–
2012 CE	 (Isaksen	 et	 al.,	2022;	 van	 der	 Bilt	 et	 al.,	 2019),	 the	 older	
reindeer	 specimens	 from	 our	 collection	 (ages	 of	 3000–4000	 BP)	
experienced	summer	temperatures	that	were	similar	to	the	present-	
day	climate.	From	this	period	and	until	harvesting	started	~1500 CE,	
the relatively stable climate became gradually cooler with sea- ice 
cover	 persisting	 year-	round	 (Werner	 et	 al.,	 2016),	 likely	 acting	 as	
dispersal	corridors	for	reindeer.	These	conditions	 likely	favoured	a	
higher	degree	of	admixture	between	populations.

The	current	population	structuring	 is	a	consequence	of	over-
harvesting	and	recovery	occurring	during	a	period	of	pronounced	
climate	 warming.	 Our	 results	 are	 congruent	 with	 earlier	 find-
ings based on microsatellite data and nuclear whole- genome se-
quencing	where	 present-	day	 population	 structuring	 reflects	 the	
recolonization	 patterns	 originating	 from	 the	 four	 locations	 that	
escaped	 extirpation	 (Burnett	 et	 al.,	 2023;	 Peeters	 et	 al.,	 2020).	
In	addition	 to	 the	 sedentary	behaviour	of	 the	Svalbard	 reindeer,	
the	effect	of	natural	barriers	 for	dispersal	and	gene	 flow	has	 in-
creased	 during	 the	 recovery	 period,	 as	 sea-	ice	 cover	 decreased	
(Peeters	et	al.,	2020).	Despite	this,	Svalbard	reindeer	were	capa-
ble to disperse naturally and through reintroduction events to all 
suitable	habitats	on	Svalbard	within	a	century	after	protection	(Le	
Moullec	et	al.,	2019).	The	increased	isolation	due	to	sea-	ice	cover	
decline may have been partly counteracted by recent increases in 
frequency	of	 rain-	on-	snow	events	 resulting	 in	winters	with	poor	
feeding	 conditions	 (Peeters	 et	 al.,	 2019).	 That	 is,	 such	 extreme	
events	can	sometimes	aid	recolonization	by	‘pushing’	reindeer	to	
disperse to neighbouring islands or peninsulas where they were 
previously	extirpated	(Hansen	et	al.,	2011).	This	may	have	acceler-
ated	the	natural	recolonization	process,	likely	through	a	stepping-	
stone	process	that	conserves	geographic	genetic	structuring,	but	
also	likely	further	decreased	genetic	diversity	in	the	peripheral	re-
colonized	populations.	Still,	the	rapid	increase	in	temperatures	in	
Svalbard	(Isaksen	et	al.,	2022)	and	associated	sea-	ice	decline	likely	
restrict dispersal more nowadays than over the millennia prior to 
anthropogenic disturbance.

4.3  |  Stochastic changes within diverse 
gene families

For	 the	pre-	hunting	 and	during-	hunting	populations,	we	observed	
strongly	negative	values	of	Fay	&	Wu's	H within FST	outlier	windows,	
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whereas these FST outlier windows had generally positive H values 
in	 the	 post-	hunting	 population.	 This	 indicates	 that	 these	 genomic	
regions	 were	 experiencing	 positive	 selection	 in	 the	 pre-	hunting	
and	 during-	hunting	 periods,	 but	 now	evolve	mainly	 under	 genetic	
drift	 in	 the	extant	post-	hunting	population,	 rather	 than	by	natural	
selection	(Fay	&	Wu,	2000).	Conceivably,	selection	pressures	from	
the	 extreme	 Arctic	 environment	 were	 the	 major	 force	 acting	 on	
Svalbard	 reindeer	under	natural	 conditions	prior	 to	anthropogenic	
disturbance.	 However,	 genetic	 drift	 can	 rapidly	 and	 stochastically	
alter	allele	 frequencies,	 including	at	 loci	 that	were	previously	con-
served	under	strong	selective	pressures,	especially	in	small	popula-
tions	(Bortoluzzi	et	al.,	2020).	Future	research	would	be	needed	to	
confirm	whether	 there	 are	 functional	 consequences,	 for	 example,	
affecting	fecundity,	survival,	or	behaviour.

In	that	context,	it	is	relevant	to	explore	which	genes	were	most	
affected	by	genetic	drift	following	overhunting,	since	they	may	have	
functional	relevance	for	the	health	and	conservation	of	the	present-	
day	 Svalbard	 reindeer	 population.	Owing	 to	 the	 stochastic	 nature	
of	 genetic	 drift,	 the	 affected	 genes	 and	 their	 coded	 proteins	 are	
involved	in	a	variety	of	biological	functions	(see	also	Appendix	S1).	
However,	among	the	candidate	genes	we	 identified	are	some	that	
play	 key	 roles	 in	 circadian	 rhythm	 regulation	 and	 fat	 storage.	 The	
loss	of	a	day/night	controlled	internal	biological	clock	is	considered	
an	 important	 adaptation	 of	 reindeer	 to	 high-	arctic	 environments,	
where	daylight	conditions	do	not	change	for	extended	periods	of	the	
year	(Lin	et	al.,	2019;	van	Oort	et	al.,	2005).	In	addition,	the	Svalbard	
reindeer's overwinter survival is dependent on its ability to build up 
high	ratios	of	body	fat	relative	to	total	body	mass	over	the	very	short	
snow-	free	season	(Trondrud	et	al.,	2021),	normally	lasting	for	about	
3–4	months.	It	is	not	unlikely	that	the	genes	linked	to	excessive	fat	
accumulation	(i.e.,	obesity)	in	other	species	are	the	same	underlying	
genes	 that	 support	 rapid	 fattening	 in	Svalbard	 reindeer.	Thus,	 the	
observed	changes	in	allele	frequency	of	these	genes	involved	in	key	
adaptive	traits	to	the	high-	arctic	environment	may	impact	the	fitness	
of	Svalbard	reindeer.

4.4  |  Implications for conservation

Our	 study	 supplements	 a	 growing	 body	 of	 research	 utilizing	 tem-
poral	datasets	to	assess	genomic	health	of	threatened	and	endemic	
species.	 Our	 analyses	 indicate	 that	 historical	 overharvest	 has,	
in	 addition	 to	 the	 previously	 reported	 population	 size	 reduction	
(Lønø,	1959),	decreased	overall	genomic	diversity	 in	Svalbard	rein-
deer.	While	subsequent	protection	of	the	Svalbard	reindeer	and	its	
habitat	has	rapidly	(i.e.,	rapidly	in	an	evolutionary	context)	facilitated	
the	recolonization	of	the	archipelago	 (Le	Moullec	et	al.,	2019),	 the	
current	level	of	genome	erosion	could	make	this	subspecies	particu-
larly	 vulnerable	 to	 future	 climate	 and	 environmental	 changes	 and	
associated	demographic	stochasticity,	especially	if	inbreeding	levels	
remain	high	(Burnett	et	al.,	2023;	Peeters	et	al.,	2020).	Our	findings	
support the view that census data on population abundances alone 

is	not	 robust	enough	 to	assess	 the	conservation	status	of	popula-
tions	recovering	from	overharvest	or	other	anthropogenic	stressors.	
Genomic	monitoring,	especially	when	incorporating	a	temporal	com-
ponent	derived	 from	ancient	DNA,	can	help	capture	a	more	com-
plete	understanding	(Jensen	et	al.,	2022).

In	 combination	 with	 such	 genomic	 monitoring,	 translocations	
have	been	suggested	as	an	effective	conservation	measure	(Bertola	
et	 al.,	2022;	Bubac	et	 al.,	 2019).	 In	 contrast	 to	other	 species	 (e.g.,	
Iberian	and	Alpine	 ibex;	Grossen	et	al.,	2018,	2020),	 translocation	
events have strongly contributed to limit the genetic diversity loss 
in	 Svalbard	 reindeer	 caused	 by	 overharvesting,	 likely	 because	 the	
translocated	individuals	came	from	the	population	with	the	highest	
genetic	diversity	 levels	(Burnett	et	al.,	2023).	Nevertheless,	a	pop-
ulation's	adaptive	potential	 relies	not	only	on	 their	overall	 level	of	
genetic	diversity	but	also	on	functional	diversity.	When	the	genetic	
diversity	of	a	species	 is	 low	and	there	has	been	significant	genetic	
turnover	 due	 to	 genetic	 drift	 rather	 than	 natural	 selection一as in 
Svalbard	 reindeer一the species' capacity to evolve with climate 
change has possibly been reduced.
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