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Abstract
The	number	of	effective	breeders	(Nb)	and	effective	population	size	(Ne)	are	population	
parameters	 reflective	 of	 evolutionary	 potential,	 susceptibility	 to	 stochasticity,	 and	
	viability.	We	have	estimated	these	parameters	using	the	linkage	disequilibrium-	based	
approach	with	LDNE	through	the	latest	phase	of	population	recovery	of	the	brown	
bears	(Ursus arctos)	in	Finland	(1993–2010;	N =	621).	This	phase	of	the	recovery	was	
recently	documented	to	be	associated	with	major	changes	in	genetic	composition.	In	
particular,	 differentiation	 between	 the	 northern	 and	 the	 southern	 genetic	 cluster	
	declined	rapidly	within	1.5	generations.	Based	on	this,	we	have	studied	effects	of	the	
changing genetic structure on Nb and Ne,	by	comparing	estimates	for	whole	Finland	
with	 the	 estimates	 for	 the	 two	 genetic	 clusters.	We	 expected	 a	 potentially	 strong	
	relationship	between	estimate	sizes	and	genetic	differentiation,	which	should	disap-
pear	as	the	population	recovers	and	clusters	merge.	Consistent	with	this,	our		estimates	
for	whole	Finland	were	lower	than	the	sum	of	the	estimates	of	the	two	genetic	clus-
ters	 and	 both	 approaches	 produced	 similar	 estimates	 in	 the	 end.	Notably,	we	 also	
found	that	admixed	genotypes	strongly	 increased	the	estimates.	 In	all	analyses,	our	
estimates	for	Ne were larger than Nb	and	likely	reflective	for	brown	bears	of	the	larger	
region	 of	 Finland	 and	 northwestern	 Russia.	 Conclusively,	 we	 find	 that	 neglecting	
	genetic	substructure	may	lead	to	a	massive	underestimation	of	Nb and Ne.	Our	results	
also	 suggest	 the	 need	 for	 further	 empirical	 analysis	 focusing	 on	 individuals	 with	
	admixed	genotypes	and	their	potential	high	influence	on	Nb and Ne.
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1  | INTRODUCTION

The	effective	population	size	(Ne)	is	reflective	of	a	population’s	evolu-
tionary	potential,	its	susceptibility	to	stochastic	processes,	and	there-
fore	survival.	While	the	census	size	of	a	population	(Nc)	is	an	estimate	

of	the	population	size,	Ne	is	an	estimate	of	the	number	of	individuals	
contributing	 offspring	 to	 the	 next	 generation	 (Charlesworth,	 2009).	
Assessing Ne	 is	 complex,	 and	 estimation	 from	 demographic	 data	 is	
ambiguous	without	data	on	 individual	 reproductive	 success	 (Leberg,	
2005).	 However,	 genetic	 information	 enables	 direct	 estimation	 of	
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Ne	 (Harris	 &	Allendorf,	 1989;	 Luikart,	 Ryman,	 Tallmon,	 Schwartz,	 &	
Allendorf,	2010;	Palstra	&	Fraser,	2012),	which	is	defined	as	the	size	
of	an	idealized	population	which	causes	the	same	magnitude	in	ran-
dom	genetic	drift	as	the	population	in	question	(Fisher,	1930;	Wright,	
1931).	From	this	definition,	three	genetic	approaches	to	estimate	Ne 
have	been	described:	inbreeding	Ne,	variance	Ne	(Crow	&	Denniston,	
1988),	and	eigenvalue	Ne	(Ewens,	1982).	These	approaches	differ	the-
oretically	and	may	deliver	different	results,	for	example,	if	the	popula-
tion	is	not	temporally	stable	(Ewens,	1982;	Luikart	et	al.,	2010;	Orrive,	
1993;	Wang,	2005).	Additionally,	 there	 is	coalescent	Ne	 (Sjödin,	Kaj,	
Krone,	Lascoux,	&	Nordborg,	2005),	which	is	based	on	neutral	genetic	
theory	and	showed	to	work	soundly	for	small	populations	(for	review	
see,	 e.g.,	 Berthier,	 Beaumont,	 Cornuet,	 &	 Luikart,	 2002;	 Anderson,	
2005;	 Luikart	 et	al.,	 2010;	 Hare	 et	al.,	 2011;	 Kimberly	 &	Whitlock,	
2015;	Wang,	Santiago,	&	Caballero,	2016).

Changes	 of	 Ne	 over	 time	 have	 been	 traditionally	 estimated	
using	 two-	sample	Ne-	estimators	as	 the	pseudomaximum	 likelihood	
method	 (MLNE,	Wang,	 2001),	 temporal	 F-	statistics	 (Ne-	estimator,	
Do	et	al.,	 2014	or	TempoFs,	Jorde	&	Ryman,	2007),	or	 the	coales-
cent	 Bayesian	 temporal	 method	 (TM3,	 Berthier	 et	al.,	 2002;	 Co	
Ne	 Anderson,	 2005).	 All	 these	 methods	 analyze	 allele	 frequency	
changes	 caused	 by	 genetic	 drift	 between	 two	 different	 points	 in	
time,	preferentially	several	generations	apart	(Leberg,	2005;		Luikart	
et	al.,	2010).	As	of	 late,	 single-		or	one-	sample	methods,	based,	 for	
example,	on	linkage	disequilibrium	(LDNE,	Waples	&	Do,	2008),	ap-
proximate	Bayesian	computing	(O	Ne	SAMP,	Tallmon,	Koyuk,	Luikart,	
&	Beaumont,	2008),	parentage	(AgeStruct,	Wang,	Brekke,	Huchard,	
Knapp,	&	Cowlishaw,	2010),	or	sibship	assignment	(Colony2,	Wang,	
2009)	have	been	applied	for	 temporal	 tracking	of	Ne	based	on	an-
nual	samples	of	genotypes	(see,	e.g.,	Baalsrud	et	al.,	2014;	Jansson,	
Ruokonen,	Kojola,	&	Aspi,	2012;	Kamath	et	al.,	2015;	Schregel	et	al.,	
2012;	Skrbinšek	et	al.,	2012).	If	temporal	sampling	over	a	time	gap	
of	 several	 generations	 is	not	possible,	 single-	sample	methods	may	
be	more	precise	in	estimating	Ne	(Wang	et	al.,	2016;	Waples	&	Do,	
2010).	 Like	 two-	sample	 estimators	 (Schwartz,	 Luikart,	 &	 Waples,	
2007;	Waples	&	Yokota,	2007),	single-	sample	estimators	assume	dis-
crete	generations	(Waples,	Antao,	&	Luikart,	2014).	Thus,	for	species	
with	overlapping	generations,	the	effective	number	of	breeders	(Nb)	
is	often	easier	to	estimate.	In	this	case,	Nb	rather	reflects	the	number	
of	 individuals	of	one	breeding	 season	or	 reproductive	 cycle	which	
produced	the	analyzed	cohort	of	offspring	(Waples,	2005;	Waples	&	
Antao,	2014).	Both	parameters	are	related,	and	Ne	can	be	estimated	
using Nb	as	proxy,	but	that	relationship	is	complex	(Waples,	Luikart,	
Faulkner,	&	Tallmon,	2013;	Waples	et	al.,	2014).	Recently,	it	has	been	
shown	that	 life-	history	 traits	are	crucial	 factors	 influencing	Nb and 
Ne	 as	about	half	of	 the	variance	 in	Nb and Ne	 can	be	explained	by	
two	 life-	history	 traits:	 age	 at	maturity	 and	 adult	 life	 span	 (Waples	
et	al.,	2013,	2014).	Nb and Ne	can	be	corrected	for	bias	quantitatively	
with	information	on	these	two	traits	(Ruzzante	et	al.,	2016;	Waples	
et	al.,	 2014).	Nb	 is	 representative	 of	Ne	 for	 one	 reproductive	 sea-
son	 (Duong,	Scribner,	Forsythe,	Crossman,	&	Baker,	2013;	Waples,	
2005;	Waples	&	Antao,	2014),	and	Nb and Ne	are	both	influenced	by	
the	same	population	dynamics,	although	temporal	scales	may	vary:	

Where	Ne	 reflects	 long-	term	 evolutionary	 processes,	Nb indicates 
more	short-	term	eco-	evolutionary	processes	(Waples,	2002;	Waples	
et	al.,	2014).

The	 linkage	 disequilibrium	 (LD)-	based	 method	 LDNE	 (Waples	
&	Do,	 2008)	 is	 a	 robust	 single-	sample	 estimator	 of	Nb and Ne	 fre-
quently	applied	in	conservation	genetic	studies	(Gilbert	&	Whitlock,	
2015;	Palstra	&	Ruzzante,	 2011;	Wang	et	al.,	 2016;	Waples	&	Do,	
2010).	 The	 extent	 of	 LD	 in	 a	 population,	 that	 is,	 the	 nonrandom	
distribution	of	 alleles	over	different	 loci,	 is	 influenced	by	 fragmen-
tation,	 bottleneck	 events,	 and	migration	 and	 therefore	 affects	 the	
estimation	(Antao,	Pérez-	Figueroa,	&	Luikart,	2011;	England,	Luikart,	
&	Waples,	 2010;	 Slate	&	 Pemberton,	 2007;	 Slatkin,	 1994;	Waples	
&	England,	2011).	In	nature,	population	subdivision	often	results	 in	
genetic	drift	by	nonrandom	mating	of	individuals,	while	migration	can	
lead	 to	 homogenization	 among	 subpopulations.	 Simulation	 studies	
have	demonstrated	that	for	Wright’s	island	model,	the	global	Ne	(or	
meta-	Ne;	Fraser	et	al.,	2007)	may	increase	above	the	sum	of	local	or	
deme	Ne	of	the	subpopulations	(∑Ne(s)),	while	asymmetrical	migration	
may	 have	 the	 opposite	 effect	 (Whitlock	 &	 Barton,	 1997;	Wang	&	
Caballero,	 1999;	Tufto	&	Hindar,	 2003;	 Fraser	 et	al.,	 2007;	 Palstra	
&	 Ruzzante,	 2011;	 Hare	 et	al.,	 2011;	 Gomez-	Uchida	 et	al.,	 2013).	
Further	 development	 of	 these	 concepts,	 considering	 also	 other	
theoretical	models	 and	 unequal	 contribution	 from	 subpopulations,	
suggests	that	subdivision	in	natural	populations	may	lead	rather	to	a	
decrease	than	to	an	increase	of	the	global	Ne,	also	depending	on	the	
geographical	scale	of	the	study	area	(see	Neel	et	al.,	2013;	Wang	&	
Caballero,	1999).

Although	 population	 heterogeneity	 has	 been	 considered	 in	 lat-
est	empirical	 studies	on	estimating	Ne	 in	natural	populations	 (Fraser	
et	al.,	2007;	Gomez-	Uchida,	Palstra,	Knight,	&	Ruzzante,	2013;	Hindar,	
Tufto,	Sættem,	&	Balstad,	2004;	Kuparinen	et	al.,	2010;	Laikre,	Olsson,	
Jansson,	Hössjer,	&	Ryman,	2016;	Nunney,	1999;	Palstra	&	Ruzzante,	
2011;	Ruzzante	et	al.,	2016;	Tufto	&	Hindar,	2003),	there	is	still	a	lack	
of	empirical	data	exploring	the	interplay	of	the	global	Ne	(or	meta-	Ne)	
of	 structured	populations	 and	 the	 sum	of	 local	or	 subpopulation	Ne 
(∑Ne(s)).	Especially	in	studies	operating	on	a	large	scale,	these	parame-
ters	may	be	underestimated	due	to	mixture	LD	caused	by	combining	
more	 than	one	gene	pool	 (England	et	al.,	 2010;	Palstra	&	Ruzzante,	
2011;	Waples	&	England,	2011;	Wang	&	Caballero,	1999;	Whitlock	
and	Barton,	1997).	Over	the	last	decades,	numerous	wildlife	popula-
tions	in	Europe	have	been	recovering	(Chapron,	et	al.	2014),	leading	to	
increased	 admixture	 among	 formerly	 separated	populations	 (Hagen,	
Kopatz,	Aspi,	Kojola,	&	Eiken,	2015).	Large,	terrestrial	mammals	often	
show	genetic	 structure	due	 to	previous	 fragmentation	and	 isolation	
(e.g.,	Norman,	Street,	&	Spong,	2013;	Schregel	et	al.,	2015;	Stronen	
et	al.,	2013).	In	such	cases,	not	considering	population	admixture	may	
underestimate	Nb	 due	 to	 increased	 drift	 LD	 caused	 by	 the	 growing	
number	of	parents	responsible	for	 local	samples	 (Waples	&	England,	
2011).

We	have	used	the	recovering	Finnish	brown	bear	population	(Ursus 
arctos)	 as	 a	 natural	model	 system	 to	 estimate	 the	 effective	number	
of	breeders	 ( ̂Nb)	 and	effective	population	 size	 ( ̂Ne)	 under	 rapidly	de-
creasing	population	 structure	and	 increasing	admixture.	The	Finnish	
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brown	bear	population	underwent	significant	changes	within	only	1.5	
generations	due	to	demographic	growth,	immigration	from	Russia,	and	
range	expansion	(Hagen	et	al.,	2015;	Kopatz	et	al.,	2014).	Specifically,	
the	 degree	 of	 population	 differentiation	 between	 the	 northern	 and	
southern	genetic	cluster	decreased	rapidly	from	FST	=	0.051	in	1996	
to FST	=	0.014	 in	2010,	while	the	estimated	number	of	migrants	per	
generation	 between	 them	 increased	 from	1.6	 to	 3.6.	Also,	 the	 pat-
tern	of	 isolation	by	distance	debilitated	within	this	time.	All	changes	
detected	suggest	merging	of	the	two	genetic	clusters	during	popula-
tion	recovery	(see	Hagen	et	al.,	2015),	thus	creating	an	opportunity	to	
estimate	the	temporal	 trends	of	 ̂Nb and ̂Ne	during	rapidly	decreasing	
population	structure	 in	a	natural	population.	We	tracked	 ̂Ne through 
the	 latest	 phase	 of	 population	 recovery	 of	 the	 Finnish	 brown	 bear,	
for	individuals	born	between	1993	and	2010,	both	with	and	without	
accounting	for	substructure	and	admixture	to	investigate	their	effect	
on	the	estimates	between	the	two	approaches.	We	hypothesize	that	
the	difference	between	these	approaches,	as	suggested	by	theoreti-
cal	studies	and	simulations	 (Antao	et	al.,	2011;	England	et	al.,	2010;	
Waples	&	England,	2011),	disappears	as	the	population	recovers	and	
substructure	diminishes	(Hagen	et	al.,	2015).

2  | MATERIAL AND METHODS

We	used	georeferenced	data	of	710	brown	bears	 (252	 females	and	
458	males)	legally	harvested	in	Finland	from	1996	to	2010.	The	age	of	
each	 brown	 bear	 was	 estimated	 using	 tooth	 samples	 (Craighead,	
Craighead,	 &	 McCutchen,	 1970)	 by	 Matson’s	 Laboratory	 (LLC,	
Milltown,	Montana).	Individuals	were	genotyped	with	12	validated	mi-
crosatellite	markers	and	assigned	to	either	the	southern	or	northern	
genetic	cluster	earlier	(see	Hagen	et	al.,	2015;	Kopatz	et	al.,	2014).	We	
pooled	the	data	into	six	birth	groups	containing	3	years	of	genotype	
data	of	brown	bears	born	in	these	years	to	increase	sample	sizes	cov-
ering	a	period	from	1993	to	2010	(Figure	1;	average	sample	size	per	
birth	group	N =	88,	SD	=	39.4).	The	oldest	brown	bears	were	born	in	
1977,	but	we	used	individuals	born	between	1993	and	2010	for	this	
analysis	due	to	too	low	and	varying	sample	sizes	prior	to	that	period	
(89	 individuals	born	between	1977	and	1992).	We	used	the	 linkage	
disequilibrium	estimator	LDNE	(Waples	&	Do,	2008)	to	estimate	the	
raw Nb	(raw	

̂Nb)	and	calculated	the	criterion	for	the	exclusion	of	rare	
alleles	as	 suggested	by	Waples	and	Do	 (2010)	using	 the	 formula	1/
(2	x	N)	<	Pcrit	<	1/N.	 Raw	N¨b	was	 estimated	 both	with	 and	without	

F IGURE  1  Individual	genotypes	of	
brown	bears	born	between	1993	and	
2010	and	legally	harvested	in	Finland,	their	
sampling	location	and	genotypes	assigned	
with	the	program	STRUCTURE	(Pritchard	
et	al.,	2000)	and	a	membership	coefficient	
q > 0.7	to	the	(a)	southern	genetic	cluster	
(N = 230)	and	(b)	northern	cluster	(N = 316)	
as	well	as	(c)	not	clearly	assigned,	admixed	
genotypes,	with	a	membership	coefficient	
below	the	threshold	of	q < 0.7	(N = 74)	
for	each	of	the	two	clusters.	(d)	Mean	
of	the	average	geographical	latitudes	of	
brown	bears	assigned	to	the	southern	
and northern genetic cluster as well as 
the	mean	of	the	average	latitudes	of	
the	individuals	with	admixed	genotypes	
sampled	in	Finland	for	each	3-	years	birth	
group,	as	it	was	used	as	predictor	variable	
for	all	further	statistical	analysis
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accounting	for	the	gradually	increasing	admixture	and	decreasing	dif-
ferentiation	between	the	southern	and	northern	cluster	as	 recovery	
proceeded	 using	 a	 membership	 value	 (q)	≥	0.7	 (Hagen	 et	al.,	 2015;	
Kopatz	et	al.,	2014)	as	threshold	for	individual	cluster	assignment	by	
the	program	structure	 (Pritchard,	Stephens,	&	Donnelly,	2000).	Raw	
estimates	(raw	̂Nb)	were	subsequently	adjusted	( ̂Nb(adj)

)	using	the	method	
and	 formula	 by	Waples	 et	al.	 (2014)	 including	 two	 life-	history	 traits	
available,	from	the	North	American	brown	bear,	the	grizzly:	age	at	first	
reproduction	(α)	and	adult	life	span	(AL):	

After,	we	used	the	adjusted	estimate	of	effective	number	of	breed-
ers	 ( ̂Nb(adj)

)	 to	 estimate	 the	 adjusted	 effective	 population	 size	 ( ̂Ne(adj)
)	

using	the	same,	two	traits	by	applying	the	following	formula	(Waples	
et	al.,	2014):	

We	 tested	 for	 correlation	 of	 each	 category	 of	 ̂Nb(adj)
 with the in-

creasing	minimum	census	 number	 (Nc)	 of	 brown	bears	 in	 the	 coun-
try,	which	 is	 annually	 estimated	 based	 on	 brown	 bear	 observations	
and	large	carnivore	contact	persons	in	the	different	hunting	districts	
(Wikman,	2010).	We	also	tested	whether	the	estimates	have	a	rela-
tionship	with	latitudinal	expansion	of	each	genetic	cluster.

Due	 to	 too	 low	 sample	 sizes	of	 admixed	 genotypes	 in	 each	birth	
group,	the	temporal	raw	 ̂Nb and ̂Nb(adj)

	 for	this	group	was	 inferred	 indi-
rectly	 by	 comparing	 estimates	 from	 separate	 analyses	 that	 either	 in-
cluded	or	excluded	them.	Therefore,	we	estimated	raw	̂Nb,	̂Nb(adj)

,	and	̂Ne(adj)
 

for	admixed	genotypes	also	by	pooling	them	across	the	last	10	years	of	
our	study	period,	which	corresponds	to	the	generation	length	of	brown	
bears	 (Tallmon,	 Bellemain,	 Swenson,	 &	 Taberlet,	 2004;	Waples	 et	al.,	

2014).	For	comparison,	this	was	also	carried	out	for	all	genotypes	and	
for	each	genetic	cluster	separately.	In	this	way,	we	obtained	a	direct	es-
timate	of	the	relative	influence	of	admixed	genotypes	on	 ̂Nb(adj)

 and ̂Ne(adj)
.

We	 also	 scrutinized	 the	 available	 data	 if	 possible	 demographic	
changes	could	explain	the	changes	in	the	Finnish	brown	bear	popula-
tion	by	calculating	the	proportion	of	males	and	females	and	the	propor-
tion	of	brown	bears	 in	reproductive	age	above	4	years	of	age	 (Støen,	
Zedrosser,	Wegge,	&	Swenson,	2006)	across	the	study	period.	Statistical	
tests	were	performed	with	R	(R	Core	Development	Team,	2017).

3  | RESULTS

The	 temporal	 trend	 of	 ̂Nb(adj)
	 for	 the	 Finnish	 brown	 bear	 population	

when	 all	 genotypes	 were	 pooled	 (i.e.,	 meta-	̂Nb),	 including	 also	 ad-
mixed	genotypes,	displayed	an	increasing	trend	across	time	(harmonic	
mean	(HM)	 ̂Nb(adj)

	≈	131.7,	Tables	1	and	2,	Figure	2a;	see	Table	S1	for	
the raw ̂Nb),	however,	with	a	drop	of	the	estimates	for	the	 last	birth	
group	(Figure	2a).	Excluding	admixed	genotypes	and	using	only	unam-
biguously	assigned	genotypes	for	the	analyses	resulted	in	significantly	
lower	values	for	the	estimates	(paired	t	test,	t	=	4.51,	df	=	5,	p <	.01),	
but	a	similar	trajectory	of	 ̂Nb(adj)

	across	time	(HM	 ̂Nb(adj)
	≈	114.5,	Tables	1	

and	 2,	 Figure	2a).	 The	 calculation	 from	 ̂Nb(adj)
 to ̂Ne(adj)

	 approximately	
doubled	the	estimates	(HM	 ̂Ne(adj)

	≈	272.1;	Table	1).
The	 absolute	 values	 and	 temporal	 trajectory	 of	 ̂Nb(adj)

	 depended	
strongly	on	the	degree	of	genetic	substructure.	Notably,	 ̂Nb(adj)

	for	the	
northern	 cluster	 alone	 was	 higher	 (HM	 ̂Nb(adj)

	≈	143.3)	 than	 for	 the	
whole	Finnish	population	(HM	̂Nb(adj)

	=	131.7;	Tables	1	and	2;	Figure	2b),	
but	 decreased	 toward	 the	 end	 of	 the	 study	 period	 after	 a	 peak	 of	
̂Nb(adj)

	=	188.6	 in	 birth	 group	 2002–2004	 (Tables	1	 and	 2;	 Figure	2b).	
In	comparison,	 ̂Nb(adj)

	 for	 the	southern	cluster	was	relatively	 low	 (HM	
̂Nb(adj)

	≈	81)	 for	 the	 early	 birth	 groups	 from	 1995	 to	 2001	 and	 rela-
tively	high	for	the	three	final	birth	groups	(Tables	1	and	2;	Figure	2b).	

(1)̂Nb(adj)
=

raw ̂Nb

1.103 − 0.245 × log
(

AL
α

)

(2)
̂Ne(adj)

=

̂Nb(adj)

0.485 + 0.758 × log
(

AL
α

)

TABLE  1 Brown	bears	born	between	1993	and	2010	in	Finland	separated	into	six	3-	year	birth	groups	including	minimum	census	sizes	 
(NcMINIMUM)	based	on	observations	(see	Material	and	Methods),	samples	sizes	(N)	and	adjusted	estimates	of	effective	number	of	breeders	 
( ̂Nb(adj)

)	using	two	life-	history	traits	(life	span	and	age	at	first	reproduction;	Waples	et	al.,	2014;	see	Material	and	Methods),	based	on	the	raw	 
̂Nb	(see	Table	S1)	from	the	linkage	disequilibrium-	based	estimation	with	the	program	LDNE	(Waples	&	Do,	2008)	and	adjusted	estimates	of	 
effective	populations	size	( ̂Ne(adj)

)	for	the	whole	Finnish	brown	bear	population	(FINLAND),	unambiguously	assigned	genotypes	only	 
(FINLAND	(ASSIGNED))	as	well	as	for	the	southern	(SOUTH)	and	northern	(NORTH)	genetic	cluster

Birth group

Minimum population 
size (Nc) Sample sizes (N) Adjusted estimates of effective number of breeders ̂Nb(adj)

Adjusted estimates of effective population sizes ̂Ne(adj)

NcMINIMUM NFINLAND NSOUTH NNORTH NADMIXED
̂Nb(adj)

 FINLAND 95% CI ̂Nb(adj)
 FINLAND (ASSIGNED) 95% CI ̂Nb(adj)

 SOUTH 95% CI ̂Nb(adj)
 NORTH 95% CI ̂Ne(adj)

 FINLAND
̂Ne(adj)

 FINLAND (ASSIGNED)
̂Ne(adj)

 SOUTH
̂Ne(adj)

 NORTH

1993–1995 686 79 49 25 5 146.6 112.1 205.4 136.9 102.4 198.9 82.0 41.1 622.2 187.8 117.6 423.6 302.8 282.8 169.8 387.9

1996–1998 783 158 80 60 18 118.4 102.3 138.6 108.1 91.8 129.5 53.6 43.1 68.6 150.5 114.9 211.9 244.7 223.6 111.1 310.9

1999–2001 845 116 61 43 12 128.4 107.2 157.6 117.7 94.5 152.1 67.9 48.8 105.3 170.1 117.1 294.5 265.5 243.2 140.6 351.3

2002–2004 815 127 63 45 19 149.9 123.7 187.0 130.1 105.1 166.9 135.8 83.1 321.7 188.6 127.5 340.7 309.8 268.8 280.6 389.6

2005–2007 840 96 46 40 10 178.9 137.0 251.0 144.9 102.8 230.5 97.9 61.3 211.9 163.2 103.2 353.0 369.6 299.3 202.5 337.1

2008–2010 1,070 45 17 18 10 97.4 69.8 153.7 78.3 54.4 130.5 91.6 36.9 ∞ 79.4 37.5 7,920.2 201.5 162.1 189.6 164.3

Harmonic	mean 825.3 88.1 41.2 32.8 10.1 131.7 114.5 81.0 143.3 272.1 236.7 167.7 296.1

SD 126.9 39.4 21.2 15.0 5.3
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Thus,	the	estimates	for	the	two	clusters	converged	over	time	as	they	
merged	 (P < 0.05;	Table	2;	Figure	3a).	The	sum	of	 the	 two	estimates	
( ̂Nb(adj)

	=	224.3,	 i.e.,	 (∑ ̂Ne(s)
)	was	70.3%	larger	than	the	estimate	for	the	

whole	 Finnish	 brown	 bear	 population	 (HM	 ̂Nb(adj)
	≈	131.7;	 Table	1).	

Similar	results	were	found	for	 ̂Ne(adj)
,	which	was	consistently	larger	than	

̂Nb(adj)
	 (Table	1).	As	 substructure	gradually	declined,	 the	proportion	of	

effective	 breeders	 in	 the	 southern	 cluster	went	 from	 30%	 to	 54%,	
while	 the	northern	cluster	went	 from	70%	to	46%	 (p <	.05;	Table	2;	
Figure	3b).	In	the	same	time,	the	proportion	of	admixed	individuals	in	
the	area	between	the	two	genetic	clusters	increased	from	0.06	to	0.22	
(p =	.059;	 Table	2;	 Figure	3c).	 Thus,	 the	 proportion	 of	 breeders	 be-
tween	the	clusters	equalized	as	admixture	increased	(p <	.05;	Table	3).	
Also,	the	difference	of	the	estimates	of	 ̂Nb(adj)

	between	the	northern	and	
southern	cluster	decreased	with	the	proportion	of	admixed	genotypes	
(p <	.01;	Table	3;	Figure	3d).

Genotypes	 of	 the	 southern	 and	 northern	 clusters	 showed	 sub-
stantial	geographical	overlap	(see	Figure	1).	Despite	this	overlap,	the	
average	 latitude	 of	 both	 genetic	 groups	 differed,	 and	 the	 admixed	
genotypes	were	mainly	sampled	in	the	area	where	both	clusters	meet	
(Figure	1d).	Based	on	the	birth	year	of	individuals,	the	average	latitude	
of	 the	genetic	 clusters	 shifted	northwards	over	 time	as	 the	popula-
tion	expanded	(southern	cluster,	p <	.05;	Table	S2;	Figure	S1a;	north-
ern	cluster,	p =	.068;	Table	S2;	Fig.	S1a).	Temporal	increase	of	 ̂Nb(adj)

	for	
the	 southern	 cluster	was	 correlated	with	 its	 northwards	 expansion	
(P < 0.05;	Table	3;	Fig.	S1b),	while	other	relationships	of	 ̂Nb(adj)

 with the 
observed	range	expansion	were	not	significant	(Table	3).

̂Nb(adj)
	 for	whole	 Finland	 did	 not	 show	 any	 significant	 correlation	

with	the	trends	of	the	estimated	minimum	population	size	Nc	(Table	3).	
The	same	applied	to	the	trends	of	 ̂Nb(adj)

	for	the	southern	genetic	clus-
ter,	while	 ̂Nb(adj)

	for	the	northern	cluster	showed	a	significant	correlation	

TABLE  1 Brown	bears	born	between	1993	and	2010	in	Finland	separated	into	six	3-	year	birth	groups	including	minimum	census	sizes	 
(NcMINIMUM)	based	on	observations	(see	Material	and	Methods),	samples	sizes	(N)	and	adjusted	estimates	of	effective	number	of	breeders	 
( ̂Nb(adj)

)	using	two	life-	history	traits	(life	span	and	age	at	first	reproduction;	Waples	et	al.,	2014;	see	Material	and	Methods),	based	on	the	raw	 
̂Nb	(see	Table	S1)	from	the	linkage	disequilibrium-	based	estimation	with	the	program	LDNE	(Waples	&	Do,	2008)	and	adjusted	estimates	of	 
effective	populations	size	( ̂Ne(adj)

)	for	the	whole	Finnish	brown	bear	population	(FINLAND),	unambiguously	assigned	genotypes	only	 
(FINLAND	(ASSIGNED))	as	well	as	for	the	southern	(SOUTH)	and	northern	(NORTH)	genetic	cluster

Birth group

Minimum population 
size (Nc) Sample sizes (N) Adjusted estimates of effective number of breeders ̂Nb(adj)

Adjusted estimates of effective population sizes ̂Ne(adj)

NcMINIMUM NFINLAND NSOUTH NNORTH NADMIXED
̂Nb(adj)

 FINLAND 95% CI ̂Nb(adj)
 FINLAND (ASSIGNED) 95% CI ̂Nb(adj)

 SOUTH 95% CI ̂Nb(adj)
 NORTH 95% CI ̂Ne(adj)

 FINLAND
̂Ne(adj)

 FINLAND (ASSIGNED)
̂Ne(adj)

 SOUTH
̂Ne(adj)

 NORTH

1993–1995 686 79 49 25 5 146.6 112.1 205.4 136.9 102.4 198.9 82.0 41.1 622.2 187.8 117.6 423.6 302.8 282.8 169.8 387.9

1996–1998 783 158 80 60 18 118.4 102.3 138.6 108.1 91.8 129.5 53.6 43.1 68.6 150.5 114.9 211.9 244.7 223.6 111.1 310.9

1999–2001 845 116 61 43 12 128.4 107.2 157.6 117.7 94.5 152.1 67.9 48.8 105.3 170.1 117.1 294.5 265.5 243.2 140.6 351.3

2002–2004 815 127 63 45 19 149.9 123.7 187.0 130.1 105.1 166.9 135.8 83.1 321.7 188.6 127.5 340.7 309.8 268.8 280.6 389.6

2005–2007 840 96 46 40 10 178.9 137.0 251.0 144.9 102.8 230.5 97.9 61.3 211.9 163.2 103.2 353.0 369.6 299.3 202.5 337.1

2008–2010 1,070 45 17 18 10 97.4 69.8 153.7 78.3 54.4 130.5 91.6 36.9 ∞ 79.4 37.5 7,920.2 201.5 162.1 189.6 164.3

Harmonic	mean 825.3 88.1 41.2 32.8 10.1 131.7 114.5 81.0 143.3 272.1 236.7 167.7 296.1

SD 126.9 39.4 21.2 15.0 5.3

TABLE  2 Correlations	of	the	temporal	trends	for	the	estimates	of	the	number	of	effective	breeders	( ̂Nb(adj)
)	of	six	birth	groups	across	the	

study	period	from	1993	to	2010	of	the	Finnish	brown	bear	population.	We	used	the	whole	dataset	( ̂Nb(adj)FINLAND),	only	clearly	assigned	
genotypes	( ̂Nb(adj)FINLAND	(ASSIGNED))	and	its	northern	(

̂Nb(adj)NORTH)	and	southern	(
̂Nb(adj)SOUTH)	genetic	clusters	and	the	absolute	difference	of	the	latter	

( ̂Nb(adj)NORTH)-	(	
̂Ne(adj)SOUTH).	We	correlated	the	results	for	each	birth	group	against	time	(using	the	last	year	of	the	respective	birth	group).	Further,	

the	table	includes	correlations	of	the	trends	on	the	relative	proportion	of	the	number	of	breeders	(Proportion	of	 ̂Nb(adj)NORTH)	of	the	northern	
genetic	cluster	and	the	trend	of	the	proportion	of	admixed	genotypes	(Proportion	ADMIXED)	over	the	study	period	(using	the	last	year	of	the	birth	group)

Model/Response Intercept (95% CI) Predictor/Cohort (95% CI) R2 t- value Significance

̂Nb(adj)FINLAND	vs.	time 140.88	(59.38,	222.37) −0.41	(−7.38,	6.57) −0.24 −0.16 n.s.

̂Nb(adj)FINLAND	(ASSIGNED)	vs.	time 136.35	(72.10,	200.60) −1.62	(−7.12,	3.88) −0.01 −0.82 n.s.

̂Nb(adj)NORTH	vs.	time 205.15	(115.05,	295.22) −4.62	(−12.33,	3.09) 0.26 −1.67 n.s.

̂Nb(adj)SOUTH	vs.	time 63.24	(−9.13,	135.61) 2.37	(−3.82,	8.57) 0.03 1.06 n.s.

̂Nb(adj)NORTH vs. ̂Nb(adj)SOUTH
141.91	(78.58,	205.24) −7.67	(−12.47,	−2.87) 0.79 −4.44 p	<	.05

Proportion	of	 ̂Nb(adj)NORTH	vs.	time 0.80	(0.64,	0.96) −0.02	(−0.03,	−0.002 0.65 −3.21 p	<	.05

Proportion	ADMIXED	vs.	time 0.05	(−0.05,	0.14) 0.008	(−4.53,	0.02) 0.54 2.63 n.s.,	p =	.059
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with	the	estimated	minimum	Nc	(P < 0.05;	Table	3;	Fig.	S1c).	Notably,	
the	proportion	of	unassigned	and	admixed	genotypes	correlated	with	
the	minimum	census	size	Nc	(P < 0.01;	Table	3).

Genotypes	 were	 pooled	 across	 the	 years	 2000–2010	 (repre-
senting	 one	 generation,	 Figure	4)	 to	 estimate	 ̂Nb(adj)

 and ̂Ne(adj)
	 for	 the	

group	of	admixed	genotypes	directly.	These	results	showed	a	substan-
tially	higher	influence	of	these	genotypes	than	the	indirect	approach	
suggested	 (Figure	4).	 Separate	 estimates	 for	 the	 southern	 cluster	
( ̂Nb(adj)

	=	156;	 ̂Ne(adj)
	=	172),	 northern	 cluster	 ( ̂Nb(adj)

	=	249;	 ̂Ne(adj)
	=	275),	

and	group	of	admixed	genotypes	( ̂Nb(adj)
	=	248;	 ̂Ne(adj)

	=	275)	summed	up	
to	∑ ̂Nb(adj)

	=	653	and	∑ ̂Ne(adj)
	=	722	which	exceeded	the	estimates	which	

did	not	account	for	population	substructure	( ̂Nb(adj)
	=	228;	 ̂Ne(adj)

	=	252).	
Consistently,	 ̂Nb(adj)

	was	higher	than	the	harmonic	means	across	birth	
groups	 in	 the	 temporal	 analyses.	Results	 of	 ̂Ne(adj)

 on the other hand 
were	lower	than	the	harmonic	means	across	birth	groups.	Again,	using	
the	last	ten	years	of	our	study	period,	the	results	of	 ̂Nb(adj)

 were consis-
tently	lower	than	for	 ̂Ne(adj)

.
The	age	distribution	across	individuals	displayed	the	pattern	of	a	

growing	population,	consisting	mainly	of	younger	and	fewer	old	indi-
viduals	(Figure	5,	Fig.	S2a),	suggesting	a	sample	representative	of	the	
ongoing	population	recovery.	Overall,	the	harvest	data	became	more	
male-	biased	over	time	(p <	.05;	Fig.	S2b).	However,	there	was	no	dif-
ference	 between	 clusters	 that	 could	 potentially	 cause	 a	 bias	 in	 our	
estimations.	No	trends	were	detected	for	brown	bears	younger	than	
three	and	older	than	4	years	of	age	(Fig.	S2c–d).	No	correlations	with	
sample	size	were	detected.

4  | DISCUSSION

We	applied	the	single-	sample	approach	LDNE	(Waples	&	Do,	2008)	
to	 assess	 the	 impact	 of	 genetic	 substructure	 and	 admixture	 on	
̂Nb(adj)

	 (Waples	 et	al.,	 2014)	 in	 the	 naturally	 recovering	 brown	 bear	

population	of	Finland,	using	individuals	born	between	1993	and	2010.	
We	 found	 ̂Nb(adj)

	 for	 the	 entire	 Finnish	 brown	bear	 population	 to	 be	
lower	than	the	sum	of	the	separate	estimates	of	the	two	genetic	clus-
ters.	Also,	we	found	that	admixture	constantly	increased	 ̂Nb(adj)

.	When	
estimating	 ̂Nb(adj)

	separately,	 the	northern	cluster	showed	the	highest	
estimates,	although	with	a	decrease	during	the	last	part	of	the	study	
period.	Contrary,	for	the	southern	cluster,	 ̂Nb(adj)

	was	initially	lower	and	
increased	across	time.	At	the	end	of	the	study	period,	the	two	clusters	
had	nearly	merged	and	showed	almost	equal	 ̂Nb(adj)

. ̂Ne(adj)
 results were 

larger than ̂Nb(adj)
	and	likely	reflective	of	brown	bear	populations	inhab-

iting	both	Finland	and	northwestern	Russia.
Effects	of	both,	increased	mixture	LD	and	reduced	drift	LD,	(Waples	

&	England,	2011)	may	be	displayed	in	our	results.	When	pooling	both	
subpopulations	for	analysis,	 ̂Nb(adj)

	displayed	a	downward	effect	com-
pared	to	the	separate	estimates	of	the	two	genetic	clusters,	which	ac-
cording	to	theory	may	be	due	to	increased	mixture	LD	(Whitlock	and	
Barton,	1996;	Wang	&	Caballero,	1999;	England	et	al.,	2010;	Waples	
&	England,	2011).	Also,	 ̂Nb(adj)

	for	whole	Finland	was	lower	than	for	the	
northern	cluster.	At	the	same	time,	a	reduction	of	drift	LD	may	have	
caused	an	upward	effect	on	 the	estimates	due	 to	 increasing	admix-
ture	between	 the	 two	subpopulations	 (England	et	al.,	2010;	Waples	
&	England,	2011).	All	analyses	including	admixed	genotypes	showed	
higher ̂Nb(adj)

	 than	 those	excluding	 them.	Our	estimates	are	 reflective	
of	the	dissolving	genetic	substructure,	 increased	gene	flow	between	
clusters,	and	decreasing	LD	among	loci	over	time	as	described	previ-
ously	in	Hagen	et	al.	(2015).

We	estimated	 ̂Nb and ̂Ne	in	an	open	and	natural	system,	where	im-
migrants	can	have	a	positive	effect	on	Nb	by	increasing	genetic	vari-
ation	 (Charlesworth,	 2009).	 In	 our	 case,	 the	 high	 immigration	 from	
Russia	 (Kopatz	et	al.,	2014)	probably	 increased	the	estimates	due	to	
decreased	LD	and	reduced	drift	LD	as	more	parents	would	produce	
the	local	sample	(Waples	&	England,	2011).	Increased	immigration	may	
have	also	caused	the	temporal	increase	of	male	bears	in	the	data,	as	

F IGURE  2 Six	3-	year	birth	groups	
of	brown	bears	born	between	1993	and	
2010	in	Finland:	(a)	adjusted	estimates	
of	the	number	of	breeders	( ̂Nb(adj)

)	for	all	
analyzed	genotypes	from	Finnish	brown	
bear	population	(black)	versus	only	clearly	
assigned	genotypes	with	a	membership	
value q ≥ 0.7	without	admixed	genotypes	
(brown).	(b)	 ̂Nb(adj)

	for	the	genetic	clusters	
(green	=	northern	cluster,	blue	=	southern	
cluster)	including	only	genotypes	assigned	
with	a	membership	value	q ≥ 0.7	for	each	
genetic	cluster.	The	shaded	areas	represent	
95%	confidence	intervals.	See	Tables	1	and	
2	for	further	results
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dispersal	 in	 brown	 bears	 is	male-	biased	 (Støen,	 Zedrosser,	 Sæbø,	&	
Swenson,	2006;	Zedrosser,	Støen,	Sæbo,	&	Swenson,	2007).	Our	re-
sults	indicate	that	the	recovery	of	the	Finnish	brown	bear	population	is	
likely	driven	by	immigration	of	individuals	from	Russia	into	the	south-
ern	cluster,	a	route	that	other	studies	have	suggested	earlier	(Hagen	
et	al.,	2015;	Keis	et	al.,	2012;	Kopatz	et	al.,	2014).	This	is	supported	by	
the	relationship	of	the	trend	of	the	 ̂Nb(adj)

	for	the	southern	cluster	with	
its	northward	 range	expansion.	Currently,	 there	are	no	 reliable	esti-
mates	on	the	population	size	of	brown	bears	in	the	regions	in	Russia	
neighboring	Finland	which	would	allow	for	better	comparisons.

The	 overall	 trend	 of	 ̂Nb(adj)
	 for	 Finland	 did	 not	 follow	 the	 de-

mographic	 recovery	due	 to	a	drop	of	 ̂Nb(adj)
	 in	 the	 latest	birth	group.	

Although	LDNE	includes	a	correction	for	small	sample	sizes	(N < 30;	
Waples	 2006),	 the	 latter	 estimates	 may	 be	 biased	 by	 consisting	 of	
only	local,	young	individuals	(Baalsrud	et	al.,	2014).	These	may	not	be	
representative	for	the	population	and	ongoing	demographic	recovery	

compared	to	the	brown	bears	in	the	older	birth	groups.	Further,	it	is	
also	possible	that	increased	immigration	of	brown	bears	from	Russia	
during	the	latest	phase	(Hagen	et	al.,	2015;	Kopatz	et	al.,	2014)	may	
have	influenced	estimate	precision	by	leading	to	large	confidence	in-
tervals	(Baalsrud	et	al.,	2014).	Throughout	the	study	period,	the	south-
ern	 cluster	 showed	a	 substantial	 increase	of	 the	 relative	proportion	
of	 effective	 breeders,	while	 the	 proportion	 for	 the	 northern	 cluster	
decreased,	 resulting	 in	 approximately	 equal	 proportions	of	 effective	
breeders	from	the	two	clusters.

Waples	and	England,	(2011)	showed	that	when	the	migration	rate	
increases,	estimations	based	on	local	data	rather	represent	global	or	
metapopulation	Ne.	Thus,	our	Ne-	estimates	are	most	likely	influenced	
by	the	fact	that	the	Finnish	brown	bear	population	originates	and	is	
part	of	the	Russian	population	(Kopatz	et	al.,	2012	&	2014)	and	there-
fore	may	 be	 considered	 as	 an	 upper	 global	 estimate	 for	 the	 region	
of	Finland	and	northwestern	Russia.	In	that	light,	although	results	of	

F IGURE  3 Six	3-	year	birth	groups	
of	brown	bears	born	between	1993	and	
2010	in	Finland:	(a)	The	difference	of	
the	estimates	of	the	number	of	breeders	
in	absolute	values	of	the	northern	and	
southern	genetic	cluster	across	the	study	
period.	The	number	of	effective	breeders	
was	based	on	the	adjusted	estimates	( ̂Nb(adj)

)	
(see	Fig.	2b	and	Results).	(b)	The	proportion	
of	the	number	of	effective	breeders	
(here	northern	cluster).	(c)	Proportion	of	
admixed	and	unassigned	genotypes	over	
the	period	with	a	membership	value	q < 0.7 
(orange).	(d)	The	difference	between	 ̂Nb(adj)

 
of	the	northern	and	southern	genetic	
cluster	correlated	against	the	proportion	
of	admixed	genotypes.	Results	here	are	
presented	by	the	last	year	of	the	birth	
group.	See	Tables	1	and	2	for	more	
statistical results
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̂Nb(adj)
	were	larger	than	for	 ̂Ne(adj)

,	the	estimates	appear	to	be	rather	low,	
considering	the	assumption	that	Russia	houses	the	largest	brown	bear	
population	in	the	world.

The	results	of	 ̂Ne(adj)
	when	pooling	genotypes	of	the	last	decade	of	

our	study	period	(representing	one	generation)	differed	from	the	har-
monic	mean	of	the	birth	groups.	Here,	 ̂Nb(adj)

 and ̂Ne(adj)
	of	the	admixed	

F IGURE  4 Estimates	of	 ̂Nb(adj)
 and ̂Ne(adj)

 
of	one	generation	in	the	Finnish	brown	
bear	population	including	genotypes	of	
individuals	born	between	2000	and	2010:	
(a)	 ̂Nb(adj)

	of	all	genotypes	from	Finland	
(black)	and	 ̂Ne(adj)

	of	only	unambiguously	
assigned	genotypes	from	Finland	(brown;	
membership	value	q ≥ 0.7);	(b)	 ̂Ne(adj)

	for	
the	southern	(blue),	northern	(green),	and	
unassigned	(admixed)	genotypes	(orange);	
(c)	 ̂Ne(adj)

	of	all	genotypes	from	Finland	
(black)	and	 ̂Ne(adj)

	of	only	unambiguously	
assigned	genotypes	from	Finland;	(d)	 ̂Ne(adj)

 
for	the	southern	(blue),	northern	(green),	
and	unassigned	(admixed)	genotypes	
(orange)

TABLE  3 Correlations	of	the	trends	for	the	adjusted	estimates	of	the	number	of	effective	breeders	( ̂Nb(adj)
)	of	the	Finnish	brown	bear	

population	across	the	study	period	from	1993	to	2010	as	a	whole	( ̂Nb(adj)FINLAND),	clearly	assigned	genotypes	only	(
̂Nb(adj)FINLAND	(ASSIGNED))	and	the	

identified	northern	( ̂Nb(adj)NORTH)	and	southern	(
̂Nb(adj)SOUTH)	genetic	clusters	correlated	against	the	change	of	the	average	latitude	of	the	northern	

and	southern	genetic	clusters.	Further,	correlations	of	the	adjusted	estimates	of	the	number	of	effective	breeders	( ̂Nb(adj)
)	against	the	estimations	

of	the	minimum	census	size	(Nc MINIMUM)	of	brown	bears	in	Finland,	as	well	as	correlation	of	the	proportion	of	breeders	in	the	northern	cluster	
(Proportion	 ̂Nb(adj)NORTH	versus	admixed	genotypes	(Proportion	ADMIXED),	admixed	genotypes	(Proportion	ADMIXED)	versus	the	minimum	census	size	
(Nc MINIMUM)	and	the	difference	of	

̂Nb(adj)
	versus	the	admixed	genotypes	(Proportion	ADMIXED)

Model/Response Predictor/Cohort (95% CI) R2 t- value Significance

̂Nb(adj)FINLAND	vs.	LatitudeNORTH 13.82	(−80.82,	108.46) −0.20 0.41 n.s.

̂Nb(adj)FINLAND	(ASSIGNED)	vs.	LatitudeNORTH −2.32	(−84.26,	79.61) −0.25 −0.08 n.s.

̂Nb(adj)NORTH	vs.	LatitudeNORTH −34.50	(164.37,	95.37) −0.10 −0.74 n.s.

̂Nb(adj)FINLAND	vs.	LatitudeSOUTH 37.55	(144.50,	219.60) −0.16 0.57 n.s.

̂Nb(adj)FINLAND	(ASSIGNED)	vs.	LatitudeSOUTH 2.93	(−157.81,	163.68) −0.25 0.05 n.s.

̂Nb(adj)SOUTH	vs.	LatitudeSOUTH 118.14	(22.56,	213.71) 0.68 3.43 p	<	.05

̂Nb(adj)FINLAND vs. NcMINIMUM −0.12	(−0.38,	0.14) 0.12 −1.32 n.s.

̂Nb(adj)FINLAND	(ASSIGNED) vs. NcMINIMUM −0.15	(−0.31,	0.02) 0.50 −2.43 n.s.,	p = .071

̂Nb(adj)NORTH vs. NcMINIMUM −0.29	(−0.49,	−0.08) 0.74 −3.94 p	<	.05

̂Nb(adj)SOUTH vs. NcMINIMUM 0.03	(−0.28,	0.34) −0.23 0.27 n.s.

Proportion	of	 ̂Nb(adj)NORTH	vs.	proportionADMIXED −1.63	(−2.92,	−0.35) 0.70 −3.52 p	<	.05

ProportionADMIXED vs. NcMINIMUM 0.0004	(0.0002,	0.0006) 0.80 4.63 p	<	.01

Difference	of	 ̂Nb(adj)NORTH	and	SOUTH	vs.	proportionADMIXED −773.53	(−1168.43,	−378.63) 0.85 −5.44 p	<	.01
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genotypes	were	notably	larger,	indicating	a	substantial	contribution	to	
the	pool	of	breeders.	The	sum	of	the	three	estimates,	 ̂Nb(adj)

 and ̂Ne(adj)
	for	

southern	and	northern	cluster	as	well	as	for	admixed	individuals,	were	
nearly	three	times	as	large	as	the	respective	estimates	for	the	undivided	
dataset	(i.e.,	not	accounting	for	subdivision).	Conclusively,	we	find	that	
neglecting	 genetic	 substructure	may	 lead	 to	 a	massive	 underestima-
tion	of	Ne and Nb.	Our	 findings	 should	be	 investigated	 further	using	
alternative	methods,	for	example,	with	estimators	based	on	sibship	and	
parentage	assignment	 (Jones	&	Wang,	2010;	Wang	et	al.,	2010).	The	
results	also	suggest	the	need	for	further	empirical	analysis	focusing	on	
admixed	individuals	and	their	potential	high	influence	on	Nb and Ne.

Results	 of	 ̂Nb(adj)
 and ̂Ne(adj)

	 should	 be	 treated	with	 caution,	 as	 the	
often	assumed	relationship	Nb	≤	Ne ≤	generation	length	x	Nb	may	not	
be	reliable	in	many	scenarios	and	is	not	eligible	for	iteroparous	species	
with	 overlapping	 generations	 (Waples	 et	al.,	 2013).	 In	 such	 species,	
a	 random	 sample	 of	 genotypes,	which	 includes	 several	 generations,	
may	 underestimate	 true	Nb	 (Waples	 et	al.,	 2014).	We	 pooled	 geno-
types	 from	 individuals	born	over	 three	years;	hence,	our	 results	 are	
not	an	exact	estimation,	but	rather	a	related	index	of	the	true	Nb.	Our	
goal	was	 to	 trace	 estimates	 temporally	with	 sufficient	 sample	 sizes	
(Hössjer,	Olsson,	 Laikre,	&	Ryman,	 2014),	 investigate	 the	 effects	 of	
population	structure	and	admixture	on	the	results,	and	test	whether	
these	changes	track	the	reported	demographic	changes,	as	they	may	
not	shift	concurrently	(Bernos	&	Fraser,	2016;	Yates,	Bernos,	&	Fraser,	
2017).

At	present,	our	previous	studies	have	shown	that	the	genetic	dif-
ferentiation	 in	 the	 Finnish	 brown	 bear	 has	 gradually	 reached	 a	 low	
level	 (Hagen	 et	al.,	 2015).	 Incorporating	migration	 rates	 enables	 es-
timates	of	Ne	based	on	asymmetric	gene	flow	(Tufto	&	Hindar,	2003).	
However,	 the	 low	 population	 differentiation	 between	 the	 southern	
and	northern	cluster,	especially	 in	 the	 later	 stages	of	population	 re-
covery	in	Finland,	makes	it	challenging	to	estimate	bidirectional	migra-
tion	rates.	The	degree	of	differentiation	is	below	the	threshold	for	a	

feasible	estimation	of	gene	flow	or	first-	generation	migrants	and	may	
lead	 to	biased	or	wrong	 results	 (Faubet,	Waples,	&	Gaggiotti,	2007;	
Meirmans,	 2014;	Paetkau,	 Slade,	Burden,	&	Estoup,	 2004).	Thus,	 in	
this	 system,	migration	 rates	would	be	more	 relevant	 for	estimations	
of	Ne	on	a	larger	geographical	scale,	including	important	source	pop-
ulations	for	 the	recovery,	such	as	Russia.	 In	such	a	scenario,	a	com-
bination	of	empirical	data	 and	 simulations	may	be	used	 to	estimate	
Ne	 under	 asymmetric	 gene	 flow	 (Palstra	&	 Ruzzante,	 2011;	 Pringle,	
Blakeslee,	Byers,	&	Roman,	2011).

Increasing	or	maximizing	Ne	 is	often	the	goal	of	conservation	ef-
forts.	However,	in	parts	of	Europe,	where	large	carnivores	such	as	the	
brown	bear	have	recovered	(Chapron	et	al.,	2014),	this	goal	has	shifted	
toward	keeping	populations	stable	or	even	decreasing	them	slightly.	In	
such	cases,	where	reproduction	is	 locally	restricted	to	a	few	female-	
core	areas	(Kojola,	Danilov,	Laitala,	Belkin,	&	Yakimov,	2003;	Swenson,	
Sandegren,	&	Söderberg,	1998)	thus	potentially	leading	to	genetic	sub-
structure,	the	LD	method	may	underestimate	Ne.	Most	wildlife	man-
agement	schemes	operate	on	a	national	level	and	scientist	are	tasked	
to	provide	 feasible	 results	on	a	sound	scale.	Further,	accounting	 for	
genetic	subdivision	and	admixture	may	also	sometimes	be	challenging,	
especially	when	subpopulations	cannot	be	 reliably	 identified.	 It	may	
be	tempting	to	relax	the	assumptions	when	estimating	Nb and Ne in 
a	natural	system	on	national	or	international	scale,	where	knowledge	
about	population	subdivision	and/or	migration	may	not	be	available.	
But,	 it	has	been	shown	that	genetic	drift	and	mixture	had	an	effect	
on Nb	based	on	LD	in	relation	to	the	scale	of	the	sampling	area	as	a	
population	living	on	a	large	geographical	scale	may	consist	of	multiple,	
locally	different	genetic	neighborhoods	(Neel	et	al.,	2013).	The	results	
of	our	study	suggest	that	this	should	be	carried	out	with	caution	and	
that tracing Nb and Ne	in	a	natural	and	open	system	should	account	for	
population	 subdivision	and	admixture	 in	order	 to	 reduce	potentially	
severe	upward	or	downward	biases.

ACKNOWLEDGMENTS

We	 would	 like	 to	 thank	 Daniel	 E.	 Ruzzante	 and	 Robin	 S.	 Waples	
for	 their	 constructive	comments	on	 the	manuscript	and	 the	Finnish	
Hunters’	 Association	 and	 hunters	 for	 collecting	 the	 samples	 in	 the	
field.

CONFLICT OF INTEREST

None declared.

DATA ARCHIVING STATEMENT

Data	for	this	study	is	available	at	the	Dryad	depository	under	acces-
sion	number:	Provisional	DOI:	https://doi.org/10.5061/dryad.504g0;	
data	files:	Datafile_DRYAD.

ORCID

Alexander Kopatz  http://orcid.org/0000-0002-9139-1179 

F IGURE  5 Demographic	pyramid	of	the	brown	bear	harvest	data	
from	Finland	from	1996	to	2010

https://doi.org/10.5061/dryad.504g0
http://orcid.org/0000-0002-9139-1179
http://orcid.org/0000-0002-9139-1179


10  |     KOPATZ eT Al.

REFERENCES

Anderson,	E.	C.	 (2005).	An	efficient	Monte	Carlo	method	 for	 estimating	
Ne	 from	 temporally	 spaced	 samples	 using	 a	 coalescent-	based	 like-
lihood	 method.	 Genetics,	 170,	 955–967.	 https://doi.org/10.1534/
genetics.104.038349

Antao,	T.,	Pérez-Figueroa,	A.,	&	Luikart,	G.	(2011).	Early	detection	of	popu-
lation	declines:	High	power	of	genetic	monitoring	using	effective	pop-
ulation	size	estimators.	Evolutionary Applications,	4,	144–154.	https://
doi.org/10.1111/eva.2010.4.issue-1

Baalsrud,	H.	T.,	 Sæther,	B.	 E.,	Hagen,	 I.	 J.,	Myhre,	M.	M.,	 Ringsby,	T.	H.,	
Pärn,	H.,	&	Jensen,	H.	(2014).	Effects	of	population	characteristics	and	
structure	 on	 estimates	 of	 effective	 population	 size	 in	 a	 house	 spar-
row	 metapopulation.	Molecular Ecology,	 23,	 2653–2668.	 https://doi.
org/10.1111/mec.12770

Bernos,	T.	A.,	&	Fraser,	D.	J.	(2016).	Spatiotemporal	relationship	between	
adult	 census	 size	 and	 genetic	 population	 size	 across	 a	wide	 popula-
tion	 size	 gradient.	 Molecular Ecology,	 25,	 4472–4487.	 https://doi.
org/10.1111/mec.2016.25.issue-18

Berthier,	 P.,	 Beaumont,	 M.	 A.,	 Cornuet,	 J.	 M.,	 &	 Luikart,	 G.	 (2002).	
Likelihood-	based	estimation	of	the	effective	population	size	using	tem-
poral	changes	in	allele	frequencies:	A	genealogical	approach.	Genetics,	
160,	741–751.

Chapron,	G.,	Kaczensky,	P.,	Linnell,	J.D.C.,	von	Arx,	M.,	Huber,	D.,	Andrén,	
H.,	López-Bao,	J.	V.,	Adamec,	M.,	Álvares,	F.,	Anders,	O.,	Balčiauskas,	
L.,	Balys,	V.,	Bedő,	P.,	Bego,	F.,	Blanco,	J.,	Breitenmoser,	U.,	Brøseth,	H.,	
Bufka,	L.,	Bunikyte,	R.,	Ciucci,	P.,	Dutsov,	A.,	Engleder,	T.,	Fuxjäger,	C.,	
Groff,	C.,	Holmala,	K.,	Hoxha,	B.,	Iliopoulos,	Y.,	Ionescu,	O.,	Jeremić,	J.,	
Jerina,	K.,	Kluth,	G.,	Knauer,	F.,	Kojola,	I.,	Kos,	I.,	Krofel,	M.,	Kubala,	J.,	
Kunovac,	S.,	Kusak,	J.,	Kutal,	M.,	Liberg,	O.,	Majić,	A.,	Männil,	P.,	Manz,	
R.,	Marboutin,	E.,	Marucco,	F.,	Melovski,	D.,	Mersini,	K.,	Mertzanis,	Y.,	
Mysłajek,	R.	W.,	Nowak,	S.,	Odden,	J.,	Ozolins,	J.,	Palomero,	G.,	Paunović,	
M.,	Persson,	J.,	Potočnik,	H.,	Quenette,	P.	Y.,	Rauer,	G.,	Reinhardt,	 I.,	
Rigg,	R.,	Ryser,	A.,	Salvatori,	V.,	Skrbinšek,	T.,	Stojanov,	A.,	Swenson,	J.	
E.,	Szemethy,	L.,	Trajçe,	A.,	Tsingarska-Sedefcheva,	E.,	Váňa,	M.,	Veeroja,	
R.,	Wabakken,	P.,	Wölfl,	M.,	Wölfl,	S.,	Zimmermann,	F.,	Zlatanova,	D.,	
&	Boitani,	L.	(2014).	Recovery	of	large	carnivores	in	Europe’s	modern	
human-	dominated	landscapes.	Science,	346,	1517–1519.

Charlesworth,	 B.	 (2009).	 Effective	 population	 size	 and	 patterns	 of	 mo-
lecular evolution and variation. Nature Review Genetics,	10,	195–205.	
https://doi.org/10.1038/nrg2526

Craighead,	 J.	 J.,	 Craighead,	 J.	 R.,	 &	 McCutchen,	 H.	 E.	 (1970).	 Age	 de-
termination	 of	 grizzly	 bears	 from	 fourth	 premolar	 tooth	 sec-
tions. Journal of Wildlife Management,	 34(2),	 353–363.	 https://doi.
org/10.2307/3799022

Crow,	J.	F.,	&	Denniston,	C.	(1988).	Inbreeding	and	variance	effective	pop-
ulation	 numbers.	 Evolution,	 42,	 482–495.	 https://doi.org/10.1111/
evo.1988.42.issue-3

Do,	C.,	Waples,	R.	S.,	Peel,	D.,	Macbeth,	G.	M.,	Tillett,	B.	J.,	&	Ovenden,	J.	R.	
(2014).	NeEstimator	V2:	Re-	implementation	of	software	for	the	estima-
tion	of	contemporary	effective	population	size	(Ne)	from	genetic	data.	
Molecular Ecology Resources,	 14,	 209–214.	 https://doi.org/10.1111/
men.2013.14.issue-1

Duong,	T.	Y.,	Scribner,	K.	T.,	Forsythe,	P.	S.,	Crossman,	J.	A.,	&	Baker,	E.	A.	
(2013).	Interannual	variation	in	effective	number	of	breeders	and	esti-
mation	of	effective	population	size	in	long-	lived	iteroparous	lake	stur-
geon	(Acipenser fulvescens).	Molecular Ecology,	22,	1282–1294.	https://
doi.org/10.1111/mec.12167

England,	P.	R.,	Luikart,	G.,	&	Waples,	R.	S.	(2010).	Early	detection	of	popu-
lation	fragmentation	using	linkage	disequilibrium	estimation	of	effec-
tive	population	size.	Conservation Genetics,	11,	2425–2430.	https://doi.
org/10.1007/s10592-010-0112-x

Ewens,	 W.	 J.	 (1982).	 On	 the	 concept	 of	 effective	 population	
size.	 Theoretical Population Biology,	 21,	 373–378.	 https://doi.
org/10.1016/0040-5809(82)90024-7

Faubet,	 P.,	 Waples,	 R.	 S.,	 &	 Gaggiotti,	 O.	 E.	 (2007).	 Evaluating	 per-
formance	 of	 a	 multilocus	 Bayesian	 method	 for	 the	 estimation	 of	
migration	 rates.	 Molecular Ecology,	 16,	 1149–1166.	 https://doi.
org/10.1111/j.1365-294X.2007.03218.x

Fisher,	 R.	 (1930).	 The genetical theory of natural selection.	 Oxford,	 UK:	
Oxford	University	Press.	https://doi.org/10.5962/bhl.title.27468

Fraser,	 D.	 J.,	 Hansen,	 M.	 M.,	 Østergaard,	 S.,	 Tessier,	 N.,	 Legault,	 M.,	 &	
Bernatchez,	 L.	 (2007).	 Comparative	 estimation	 of	 effective	 popula-
tion	sizes	and	temporal	gene	flow	in	two	contrasting	population	sys-
tems.	 Molecular Ecology,	 16,	 3866–3889.	 https://doi.org/10.1111/
mec.2007.16.issue-18

Gilbert,	K.	J.,	&	Whitlock,	M.	C.	(2015).	Evaluating	methods	for	estimating	
local	effective	population	 size	with	and	without	migration.	Evolution,	
69(8),	2154–2166.	https://doi.org/10.1111/evo.2015.69.issue-8

Gomez-Uchida,	D.,	Palstra,	F.	P.,	Knight,	T.	W.,	&	Ruzzante,	D.	E.	 (2013).	
Contemporary	effective	population	and	metapopulation	 size	 (Ne and 
meta-	Ne):	Comparison	among	three	salmonids	inhabiting	a	fragmented	
system	 and	 differing	 in	 gene	 flow	 and	 its	 asymmetries.	 Ecology and 
Evolution,	3(3),	569–580.	https://doi.org/10.1002/ece3.485

Hagen,	S.	B.,	Kopatz,	A.,	Aspi,	J.,	Kojola,	I.,	&	Eiken,	H.	G.	(2015).	Evidence	
of	rapid	change	in	genetic	structure	and	diversity	during	range	expan-
sion in a recovering large terrestrial carnivore. Proceedings of the Royal 
Society B,	282,	20150092.	https://doi.org/10.1098/rspb.2015.0092

Hare,	 M.,	 Nunney,	 L.,	 Schwartz,	 M.	 K.,	 Ruzzante,	 D.	 E.,	 Bruford,	 M.,	
Waples,	 R.	 S.,	 …	 Palstra,	 F.	 P.	 (2011).	 Understanding	 and	 estimat-
ing	 effective	 population	 size	 for	 practical	 application	 in	marine	 spe-
cies	 management.	 Conservation Biology,	 25(3),	 438–449.	 https://doi.
org/10.1111/j.1523-1739.2010.01637.x

Harris,	R.	B.,	&	Allendorf,	F.	(1989).	Genetically	effective	population	size	of	
large	mammals	–	an	assessment	of	estimators.	Conservation Biology,	3,	
181–191.	https://doi.org/10.1111/cbi.1989.3.issue-2

Hindar,	 K.,	 Tufto,	 J.,	 Sættem,	 L.	 M.,	 &	 Balstad,	 T.	 (2004).	 Conservation	
of	 genetic	 variation	 in	 harvested	 salmon	 populations.	 ICES Journal 
of Marine Science,	 61,	 1389–1397.	 https://doi.org/10.1016/j.
icesjms.2004.08.011

Hössjer,	O.,	Olsson,	F.,	Laikre,	L.,	&	Ryman,	N.	(2014).	A	new	general	analyti-
cal	approach	for	modeling	patterns	of	genetic	differentiation	and	effec-
tive	size	of	subdivided	populations	over	time.	Mathematical Biosciences,	
258,	113–133.	https://doi.org/10.1016/j.mbs.2014.10.001

Jansson,	E.,	Ruokonen,	M.,	Kojola,	I.,	&	Aspi,	J.	(2012).	Rise	and	fall	of	a	wolf	
population:	Genetic	diversity	and	structure	during	recovery,	rapid	ex-
pansion	and	drastic	decline.	Molecular Ecology,	21,	5178–5193.	https://
doi.org/10.1111/mec.2012.21.issue-21

Jones,	O.	R.,	&	Wang,	J.	 (2010).	COLONY:	A	program	 for	parentage	and	
sibship	 inference	 from	 multilocus	 genotype	 data.	Molecular Ecology 
Resources,	10,	551–555.	https://doi.org/10.1111/men.2010.10.issue-3

Jorde,	 P.	 E.,	 &	 Ryman,	 N.	 (2007).	 Unbiased	 estimator	 for	 genetic	 drift	
and	 effective	 population	 size.	 Genetics,	 177,	 927–935.	 https://doi.
org/10.1534/genetics.107.075481

Kamath,	P.	L.,	Haroldson,	M.	A.,	Luikart,	G.,	Paetkau,	D.,	Whitman,	C.,	&	van	
Manen,	F.	T.	(2015).	Multiple	estimates	of	effective	population	size	for	
monitoring	 long-	lived	vertebrate:	An	application	 to	Yellowstone	griz-
zly	bears.	Molecular Ecology,	24,	5507–5521.	https://doi.org/10.1111/
mec.13398

Keis,	M.,	Remm,	J.,	Ho,	S.	Y.	W.,	Davison,	J.,	Tammeleht,	E.,	Tumanov,	I.	L.,	…	
Saarma,	U.	(2012).	Complete	mitochondrial	genomes	and	a	novel	spa-
tial	genetic	method	reveal	cryptic	phylogeographical	structure	and	mi-
gration	patterns	among	brown	bears	in	north-	western	Eurasia.	Journal 
of Biogeography,	40,	915–927.

Kimberly,	J.	G.,	&	Whitlock,	M.	C.	(2015).	Evaluating	methods	for	estimating	
local	effective	population	 size	with	and	without	migration.	Evolution,	
69(8),	2154–2166.

Kojola,	I.,	Danilov,	P.	I.,	Laitala,	H.	M.,	Belkin,	V.,	&	Yakimov,	A.	(2003).	Brown	
bear	population	structure	and	periphery:	Analysis	of	hunting	statistics	
from	Russian	Karelia	and	Finland.	Ursus,	14(1),	17–20.

https://doi.org/10.1534/genetics.104.038349
https://doi.org/10.1534/genetics.104.038349
https://doi.org/10.1111/eva.2010.4.issue-1
https://doi.org/10.1111/eva.2010.4.issue-1
https://doi.org/10.1111/mec.12770
https://doi.org/10.1111/mec.12770
https://doi.org/10.1111/mec.2016.25.issue-18
https://doi.org/10.1111/mec.2016.25.issue-18
https://doi.org/10.1038/nrg2526
https://doi.org/10.2307/3799022
https://doi.org/10.2307/3799022
https://doi.org/10.1111/evo.1988.42.issue-3
https://doi.org/10.1111/evo.1988.42.issue-3
https://doi.org/10.1111/men.2013.14.issue-1
https://doi.org/10.1111/men.2013.14.issue-1
https://doi.org/10.1111/mec.12167
https://doi.org/10.1111/mec.12167
https://doi.org/10.1007/s10592-010-0112-x
https://doi.org/10.1007/s10592-010-0112-x
https://doi.org/10.1016/0040-5809(82)90024-7
https://doi.org/10.1016/0040-5809(82)90024-7
https://doi.org/10.1111/j.1365-294X.2007.03218.x
https://doi.org/10.1111/j.1365-294X.2007.03218.x
https://doi.org/10.5962/bhl.title.27468
https://doi.org/10.1111/mec.2007.16.issue-18
https://doi.org/10.1111/mec.2007.16.issue-18
https://doi.org/10.1111/evo.2015.69.issue-8
https://doi.org/10.1002/ece3.485
https://doi.org/10.1098/rspb.2015.0092
https://doi.org/10.1111/j.1523-1739.2010.01637.x
https://doi.org/10.1111/j.1523-1739.2010.01637.x
https://doi.org/10.1111/cbi.1989.3.issue-2
https://doi.org/10.1016/j.icesjms.2004.08.011
https://doi.org/10.1016/j.icesjms.2004.08.011
https://doi.org/10.1016/j.mbs.2014.10.001
https://doi.org/10.1111/mec.2012.21.issue-21
https://doi.org/10.1111/mec.2012.21.issue-21
https://doi.org/10.1111/men.2010.10.issue-3
https://doi.org/10.1534/genetics.107.075481
https://doi.org/10.1534/genetics.107.075481
https://doi.org/10.1111/mec.13398
https://doi.org/10.1111/mec.13398


     |  11KOPATZ eT Al.

Kopatz,	A.,	Eiken,	H.	G.,	Aspi,	J.,	Kojola,	I.,	Tobiassen,	C.,	Tirronen,	K.	F.,	…	
Hagen,	S.	B.	 (2014).	Admixture	and	gene	flow	from	Russia	 in	the	re-
covering	Northern	European	brown	bear	(Ursus arctos).	PLoS ONE,	9(5),	
e97558.	https://doi.org/10.1371/journal.pone.0097558

Kopatz,	 A.,	 Eiken,	 H.	 G.,	 Hagen,	 S.	 B.,	 Ruokonen,	 M.,	 Esparza-Salas,	 R.,	
Schregel,	J.,	…	Aspi,	J.	(2012).	Connectivity	and	population	subdivision	
at	the	fringe	of	a	large	brown	bear	(Ursus arctos)	population	in	North	
Western	 Europe.	 Conservation Genetics,	 13(3),	 681–692.	 https://doi.
org/10.1007/s10592-012-0317-2

Kuparinen,	A.,	Tufto,	J.,	Consuegra,	S.,	Hindar,	K.,	Merilä,	J.,	&	Garciá	De	
Leániz,	C.	 (2010).	Effective	size	of	an	Atlantic	salmon	 (Salmo salar	L.)	
metapopulation	 in	Northern	Spain.	Conservation Genetics,	11,	 1559–
1565.	https://doi.org/10.1007/s10592-009-9945-6

Laikre,	 L.,	 Olsson,	 F.,	 Jansson,	 E.,	 Hössjer,	 O.,	 &	 Ryman,	 N.	 (2016).	
Metapopulation	effective	size	and	conservation	genetic	goals	for	the	
Fennoscandian	wolf	(Canis lupus)	population.	Heredity,	117,	279–289.	
https://doi.org/10.1038/hdy.2016.44

Leberg,	P.	(2005).	Genetic	approaches	for	estimating	the	effective	size	of	
populations.	 Journal of Wildlife Management,	69,	 1385–1399.	https://
doi.org/10.2193/0022-541X(2005)69[1385:GAFETE]2.0.CO;2

Luikart,	G.,	 Ryman,	N.,	Tallmon,	D.,	 Schwartz,	M.,	&	Allendorf,	 F.	 (2010).	
Estimation	 of	 census	 and	 effective	 population	 sizes:	 The	 increasing	
usefulness	of	DNA-	based	approaches.	Conservation Genetics,	11,	355–
373.	https://doi.org/10.1007/s10592-010-0050-7

Meirmans,	P.	G.	(2014).	Nonconvergence	in	Bayesian	estimation	of	migra-
tion rates. Molecular Ecology Resources,	 14(4),	 726–733.	 https://doi.
org/10.1111/men.2014.14.issue-4

Neel,	M.	C.,	McKelvey,	K.,	Ryman,	N.,	Lloyd,	M.	W.,	Short	Bull,	R.,	Allendorf,	
F.	W.,	…	Waples,	R.	S.	 (2013).	Estimation	of	effective	population	size	
in	continuously	distributed	populations:	There	goes	the	neighborhood.	
Heredity,	111,	189–199.	https://doi.org/10.1038/hdy.2013.37

Norman,	A.,	Street,	N.	R.,	&	Spong,	G.	(2013).	De	novo	SNP	discovery	in	the	
Scandinavian	brown	bear	(Ursus arctos).	PLoS ONE,	8,	e81012.	https://
doi.org/10.1371/journal.pone.0081012

Nunney,	L.	(1999).	The	effective	size	of	a	hierarchically	structured	population.	
Evolution,	 98,	 625–640.	 https://doi.org/10.1111/j.1558-5646.1999.
tb05328.x

Orrive,	M.	E.	(1993).	Effective	population	size	in	organisms	with	complex	
life-	histories.	Theoretical Population Biology,	44,	316–340.	https://doi.
org/10.1006/tpbi.1993.1031

Paetkau,	D.,	Slade,	R.,	Burden,	M.,	&	Estoup,	A.	(2004).	Genetic	assignment	
methods	for	the	direct,	real-	time	estimation	of	migration	rate:	A	simu-
lation	based	exploration	of	accuracy	and	power.	Molecular Ecology,	13,	
55–65.	https://doi.org/10.1046/j.1365-294X.2004.02008.x

Palstra,	F.	P.,	&	Fraser,	D.	J.	(2012).	Effective/census	population	size	ratio	
estimation:	 A	 compendium	 and	 appraisal.	 Ecology and Evolution,	 2,	
2357–2365.	https://doi.org/10.1002/ece3.2012.2.issue-9

Palstra,	F.	P.,	&	Ruzzante,	D.	E.	 (2011).	Demographic	and	genetic	 factors	
shaping	 contemporary	 metapopulation	 effective	 size	 and	 its	 empir-
ical	 estimation	 in	 salmonid	 fish.	Heredity,	107,	 444–455.	 https://doi.
org/10.1038/hdy.2011.31

Pringle,	 J.	 M.,	 Blakeslee,	 A.	 M.	 H.,	 Byers,	 J.	 E.,	 &	 Roman,	 J.	 (2011).	
Asymmetric	 dispersal	 allows	 upstream	 region	 to	 control	 popula-
tion	 structure	 throughout	 species’	 range.	Proceedings of the National 
Academy of Sciences,	 108,	 15288–15293.	 https://doi.org/10.1073/
pnas.1100473108

Pritchard,	J.	K.,	Stephens,	M.,	&	Donnelly,	P.	(2000).	Inference	of	population	
structure	using	multilocus	genotype	data.	Genetics,	155,	945–959.

R	Core	Development	Team	(2017).	R: A language and environment for statisti-
cal computing.	Vienna,	Austria:	R	Foundation	for	Statistical	Computing.

Ruzzante,	 D.	 E.,	 McCracken,	 G.	 R.,	 Parmelee,	 S.,	 Hill,	 K.,	 Corrigan,	 A.,	
MacMillan,	 J.,	 &	Walde,	 S.	 J.	 (2016).	 Effective	 number	 of	 breeders,	
effective	population	size	and	their	relationship	with	census	size	in	an	
iteroparous	species	Salvelinus fontinalis. Proceedings of the Royal Society 
B,	283,	20152601.	https://doi.org/10.1098/rspb.2015.2601

Schregel,	 J.,	 Eiken,	H.	G.,	Grøndahl,	 F.	A.,	Hailer,	 F.,	Aspi,	 J.,	 Kojola,	 I.,	…	
Hagen,	 S.	B.	 (2015).	Y	 chromosome	haplotype	distribution	of	brown	
bears	 (Ursus arctos)	 in	Northern	Europe	provides	 insight	 into	popula-
tion	history	and	recovery.	Molecular Ecology,	24,	6041–6060.	https://
doi.org/10.1111/mec.13448

Schregel,	J.,	Kopatz,	A.,	Hagen,	S.	B.,	Brøseth,	H.,	Smith,	M.	E.,	Wikan,	S.,	…	
Eiken,	H.	G.	(2012).	Limited	gene	flow	among	brown	bear	populations	
in	far	Northern	Europe?	Genetic	analysis	of	the	east–west	border	pop-
ulation	in	the	Pasvik	Valley.	Molecular Ecology,	21,	3474–3488.	https://
doi.org/10.1111/j.1365-294X.2012.05631.x

Schwartz,	M.	K.,	Luikart,	G.,	&	Waples,	R.	S.	(2007).	Genetic	monitoring	as	
a	promising	tool	for	conservation	and	management.	Trends in Ecology & 
Evolution,	22,	25–33.	https://doi.org/10.1016/j.tree.2006.08.009

Sjödin,	P.,	Kaj,	 I.,	Krone,	S.,	 Lascoux,	M.,	&	Nordborg,	M.	 (2005).	On	 the	
meaning	and	existence	of	an	effective	population	size.	Genetics,	169,	
1061–1070.	https://doi.org/10.1534/genetics.104.026799

Skrbinšek,	T.,	Jelenčič,	M.,	Waits,	L.,	Kos,	I.,	Klemen,	J.,	&	Trontelj,	P.	(2012).	
Monitoring	the	effective	population	size	of	a	brown	bear	(Ursus arctos)	
population	using	new	single-	sample	approach.	Molecular Ecology,	21,	
862–875.	https://doi.org/10.1111/j.1365-294X.2011.05423.x

Slate,	J.,	&	Pemberton,	J.	M.	(2007).	Admixture	and	patterns	of	linkage	dis-
equilibrium	in	a	free-	living	vertebrate	population.	Journal of Evolutionary 
Biology,	20,	1415–1427.	https://doi.org/10.1111/jeb.2007.20.issue-4

Slatkin,	M.	 (1994).	 Linkage	 disequilibrium	 in	 growing	 and	 stable	 popula-
tions. Genetics,	137,	331–336.

Støen,	O.	G.,	 Zedrosser,	A.,	 Sæbø,	 S.,	&	 Swenson,	 J.	 E.	 (2006).	 Inversely	
density-	dependent	natal	dispersal	in	brown	bears	Ursus arctos. Oecologia,	
148,	356–364.	https://doi.org/10.1007/s00442-006-0384-5

Støen,	O.	G.,	Zedrosser,	A.,	Wegge,	P.,	&	Swenson,	J.	E.	(2006).	Socially	in-
duced	delayed	primiparity	in	brown	bears	Ursus arctos. Behavioral Ecology 
and Sociobiology,	61,	1–8.	https://doi.org/10.1007/s00265-006-0231-z

Stronen,	 A.	 V.,	 Jędrzejewska,	 B.,	 Pertoldi,	 C.,	 Demontis,	 D.,	 Randi,	 E.,	
Niedziałkowska,	M.,	…	Czarnomska,	S.	D.	(2013).	North-	South	differen-
tiation	and	a	region	of	high	diversity	in	European	Wolves	(Canis lupus).	
PLoS ONE,	8,	e76454.	https://doi.org/10.1371/journal.pone.0076454

Swenson,	J.	E.,	Sandegren,	F.,	&	Söderberg,	A.	(1998).	Geographic	expan-
sion	 of	 an	 increasing	 brown	 bear	 population:	 Evidence	 for	 presatu-
ration	 dispersal.	 Journal of Animal Ecology,	 67,	 819–826.	 https://doi.
org/10.1046/j.1365-2656.1998.00248.x

Tallmon,	D.	A.,	 Bellemain,	 E.,	 Swenson,	 J.,	 &	Taberlet,	 P.	 (2004).	Genetic	
monitoring	of	Scandinavian	brown	bear	effective	population	size	and	
immigration.	Journal of Wildlife Management,	68,	960–965.	https://doi.
org/10.2193/0022-541X(2004)068[0960:GMOSBB]2.0.CO;2

Tallmon,	 D.	A.,	 Koyuk,	A.,	 Luikart,	 G.,	 &	 Beaumont,	M.	A.	 (2008).	 ones-
amp:	A	program	 to	estimate	effective	population	 size	using	 approxi-
mate	Bayesian	computation.	Molecular Ecology Resources,	8,	299–301.	
https://doi.org/10.1111/j.1471-8286.2007.01997.x

Tufto,	J.,	&	Hindar,	K.	 (2003).	 Effective	 size	 in	management	 and	 conser-
vation	 of	 subdivided	 populations.	 Journal of Theoretical Biology,	222,	
273–281.	https://doi.org/10.1016/S0022-5193(03)00018-3

Wang,	J.	(2001).	A	pseudo-	likelihood	method	for	estimating	effective	pop-
ulation	 size	 from	 temporally	 spaced	 samples.	Genetics Research,	 78,	
243–257.	https://doi.org/10.1017/S0016672301005286

Wang,	J.	 (2005).	Estimation	of	effective	population	 size	 from	 temporally	
spaced	samples.	Proceedings of the Royal Society B,	360,	1395–1409.

Wang,	J.	 (2009).	A	new	method	for	estimating	effective	population	sizes	
from	a	 single	 sample	of	multilocus	genotypes.	Molecular Ecology,	18,	
2148–2164.	https://doi.org/10.1111/mec.2009.18.issue-10

Wang,	 J.,	 Brekke,	 P.,	Huchard,	 E.,	 Knapp,	 L.	A.,	 &	Cowlishaw,	G.	 (2010).	
Estimation	of	parameters	of	inbreeding	and	genetic	drift	in	populations	
with	 overlapping	 generations.	 Evolution,	 64,	 1704–1718.	 https://doi.
org/10.1111/j.1558-5646.2010.00953.x

Wang,	J.,	&	Caballero,	A.	(1999).	Developments	in	predicting	the	effective	
size	 of	 subdivided	 populations.	 Heredity,	 82,	 212–226.	 https://doi.
org/10.1038/sj.hdy.6884670

https://doi.org/10.1371/journal.pone.0097558
https://doi.org/10.1007/s10592-012-0317-2
https://doi.org/10.1007/s10592-012-0317-2
https://doi.org/10.1007/s10592-009-9945-6
https://doi.org/10.1038/hdy.2016.44
https://doi.org/10.2193/0022-541X(2005)69[1385:GAFETE]2.0.CO;2
https://doi.org/10.2193/0022-541X(2005)69[1385:GAFETE]2.0.CO;2
https://doi.org/10.1007/s10592-010-0050-7
https://doi.org/10.1111/men.2014.14.issue-4
https://doi.org/10.1111/men.2014.14.issue-4
https://doi.org/10.1038/hdy.2013.37
https://doi.org/10.1371/journal.pone.0081012
https://doi.org/10.1371/journal.pone.0081012
https://doi.org/10.1111/j.1558-5646.1999.tb05328.x
https://doi.org/10.1111/j.1558-5646.1999.tb05328.x
https://doi.org/10.1006/tpbi.1993.1031
https://doi.org/10.1006/tpbi.1993.1031
https://doi.org/10.1046/j.1365-294X.2004.02008.x
https://doi.org/10.1002/ece3.2012.2.issue-9
https://doi.org/10.1038/hdy.2011.31
https://doi.org/10.1038/hdy.2011.31
https://doi.org/10.1073/pnas.1100473108
https://doi.org/10.1073/pnas.1100473108
https://doi.org/10.1098/rspb.2015.2601
https://doi.org/10.1111/mec.13448
https://doi.org/10.1111/mec.13448
https://doi.org/10.1111/j.1365-294X.2012.05631.x
https://doi.org/10.1111/j.1365-294X.2012.05631.x
https://doi.org/10.1016/j.tree.2006.08.009
https://doi.org/10.1534/genetics.104.026799
https://doi.org/10.1111/j.1365-294X.2011.05423.x
https://doi.org/10.1111/jeb.2007.20.issue-4
https://doi.org/10.1007/s00442-006-0384-5
https://doi.org/10.1007/s00265-006-0231-z
https://doi.org/10.1371/journal.pone.0076454
https://doi.org/10.1046/j.1365-2656.1998.00248.x
https://doi.org/10.1046/j.1365-2656.1998.00248.x
https://doi.org/10.2193/0022-541X(2004)068[0960:GMOSBB]2.0.CO;2
https://doi.org/10.2193/0022-541X(2004)068[0960:GMOSBB]2.0.CO;2
https://doi.org/10.1111/j.1471-8286.2007.01997.x
https://doi.org/10.1016/S0022-5193(03)00018-3
https://doi.org/10.1017/S0016672301005286
https://doi.org/10.1111/mec.2009.18.issue-10
https://doi.org/10.1111/j.1558-5646.2010.00953.x
https://doi.org/10.1111/j.1558-5646.2010.00953.x
https://doi.org/10.1038/sj.hdy.6884670
https://doi.org/10.1038/sj.hdy.6884670


12  |     KOPATZ eT Al.

Wang,	 J.,	 Santiago,	 E.,	&	Caballero,	A.	 (2016).	 Prediction	 and	 estimation	
of	 effective	 population	 size.	 Heredity,	 117,	 193–206.	 https://doi.
org/10.1038/hdy.2016.43

Waples,	R.	S.	(2002).	The	effective	size	of	fluctuating	salmon	populations.	
Genetics,	161,	783–791.

Waples,	 R.	 S.	 (2005).	Genetic	 estimates	 of	 contemporary	 effective	 pop-
ulation	size:	To	what	 time	periods	do	 the	estimates	apply?	Molecular 
Ecology,	14,	335–3352.

Waples,	R.	 S.	 (2006).	A	bias	 correction	 for	 estimates	of	 effective	pop-
ulation	 size	 based	 on	 linkage	 disequilibrium	 at	 unlinked	 gene	 loci.	
Conservation Genetics,	 7,	 167–184.	 https://doi.org/10.1007/
s10592-005-9100-y

Waples,	 R.	 S.,	 &	Antao,	T.	 (2014).	 Intermittent	 breeding	 and	 constraints	
on	litter	size:	Consequences	for	effective	population	size	per	genera-
tion	(Ne)	and	per	reproductive	cycle	(Nb).	Evolution,	68–6,	1722–1734.	
https://doi.org/10.1111/evo.2014.68.issue-6

Waples,	 R.	 S.,	 Antao,	 T.,	 &	 Luikart,	 G.	 (2014).	 Effects	 of	 overlapping	
generations	 on	 linkage	 disequilibrium	 estimates	 of	 effective	 pop-
ulation	 size.	 Genetics,	 197,	 769–780.	 https://doi.org/10.1534/
genetics.114.164822

Waples,	 R.	 S.,	 &	 Do,	 C.	 (2008).	 LDNE:	 A	 program	 for	 estimat-
ing	 effective	 population	 size	 from	 data	 on	 linkage	 disequi-
librium.	 Molecular Ecology Resources,	 8,	 753–756.	 https://doi.
org/10.1111/j.1755-0998.2007.02061.x

Waples,	 R.	 S.,	 &	 Do,	 C.	 (2010).	 Linkage	 disequilibrium	 estimates	
of	 contemporary	 N-	e	 using	 highly	 variable	 genetic	 markers:	 A	
largely	 untapped	 resource	 for	 applied	 conservation	 and	 evolution.	
Evolutionary Applications,	 3,	 244–262.	 https://doi.org/10.1111/
eva.2010.3.issue-3

Waples,	 R.	 S.,	 &	 England,	 P.	 R.	 (2011).	 Estimating	 contemporary	 effec-
tive	 population	 size	 on	 the	 basis	 of	 linkage	 disequilibrium	 in	 the	
face	 of	 migration.	Genetics,	 189,	 633–644.	 https://doi.org/10.1534/
genetics.111.132233

Waples,	R.	S.,	Luikart,	G.,	Faulkner,	J.	R.,	&	Tallmon,	D.	A.	(2013).	Simple	life-	
history	traits	explain	key	effective	population	size	ratios	across	diverse	

taxa. Proceedings of the Royal Society B,	 280,	 20131339.	 https://doi.
org/10.1098/rspb.2013.1339

Waples,	R.	S.,	&	Yokota,	M.	(2007).	Estimates	of	effective	population	size	in	
species	with	overlapping	generations.	Genetics,	177,	927–935.

Whitlock,	M.	C.,	&	Barton,	N.	H.	(1997).	The	effective	size	of	a	subdivided	
population.	Genetics,	146,	427–441.

Wikman,	M.	 (2010).	Riistakannat	2010.	Riistaseurantojen	 tulokset.	 In	M.	
Wikman	 (Ed.),	 Riista- ja kalatalous—selvityksia (pp. 17-18).	 Helsinki,	
Finland:	Riista-	ja	kalatalouden	tutkimuslaitos.

Wright,	 S.	 (1931).	 Evolution	 in	 Mendelian	 populations.	 Genetics,	 16,	
97–159.

Yates,	M.	C.,	Bernos,	T.	A.,	&	Fraser,	D.	J.	(2017).	A	critical	assessment	of	
estimating	census	population	size	from	genetic	population	size	(or	vice	
versa)	 in	 three	 fishes.	 Evolutionary Applications,	 7,	 1–11.	 https://doi.
org/10.1111/eva.12496

Zedrosser,	A.,	Støen,	O.	G.,	Sæbo,	S.,	&	Swenson,	J.	E.	(2007).	Should	I	stay	
or	should	I	go?	Natal	dispersal	in	the	brown	bear.	Animal Behaviour,	74,	
369–376.	https://doi.org/10.1016/j.anbehav.2006.09.015

SUPPORTING INFORMATION

Additional	 Supporting	 Information	 may	 be	 found	 online	 in	 the	
	supporting	information	tab	for	this	article. 

How to cite this article:	Kopatz	A,	Eiken	HG,	Schregel	J,	Aspi	J,	
Kojola	I,	Hagen	SB.	Genetic	substructure	and	admixture	as	
important	factors	in	linkage	disequilibrium-	based	estimation	of	
effective	number	of	breeders	in	recovering	wildlife	
populations.	Ecol Evol. 2017;00:1–12.  
https://doi.org/10.1002/ece3.3577

https://doi.org/10.1038/hdy.2016.43
https://doi.org/10.1038/hdy.2016.43
https://doi.org/10.1007/s10592-005-9100-y
https://doi.org/10.1007/s10592-005-9100-y
https://doi.org/10.1111/evo.2014.68.issue-6
https://doi.org/10.1534/genetics.114.164822
https://doi.org/10.1534/genetics.114.164822
https://doi.org/10.1111/j.1755-0998.2007.02061.x
https://doi.org/10.1111/j.1755-0998.2007.02061.x
https://doi.org/10.1111/eva.2010.3.issue-3
https://doi.org/10.1111/eva.2010.3.issue-3
https://doi.org/10.1534/genetics.111.132233
https://doi.org/10.1534/genetics.111.132233
https://doi.org/10.1098/rspb.2013.1339
https://doi.org/10.1098/rspb.2013.1339
https://doi.org/10.1111/eva.12496
https://doi.org/10.1111/eva.12496
https://doi.org/10.1016/j.anbehav.2006.09.015
https://doi.org/10.1002/ece3.3577

