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Abstract
1.	 The	physiological	mechanisms	underlying	avian	seasonal	timing	of	reproduction,	
a	 life-history	 trait	 with	 major	 fitness	 consequences,	 are	 not	 well	 understood.	
Comparing	individuals	that	have	been	selected	to	differ	in	their	timing	of	breeding	
may	prove	to	be	a	promising	in	studying	these	mechanisms,	making	selection	lines	
a	valuable	tool.

2.	 We	created	selection	 lines	for	early	and	 late	timing	of	breeding	 in	great	tits	 (Parus 
major)	 using	genomic	 selection,	 that	 is	 selection	based	on	multi-marker	genotypes	
rather	than	on	the	phenotype.	We	took	in	nestlings	(F1 generation)	from	wild	broods	
of	which	the	mother	was	either	an	extremely	early	(“early	line”)	or	extremely	late	(“late 
line”)	breeder.	These	chicks	were	then	genotyped	and,	based	on	their	“genomic	breed-
ing	values”	(GEBVs),	we	selected	individuals	for	early and late	 line	breeding	pairs	to	
produce	the	F2 generation	in	captivity.	The	F2 offspring	was	hand-reared,	genotyped	
and	selected	to	produce	an	F3 generation,	which	were	then	again	genotyped	and	se-
lected.	This	way	we	obtained	laying	dates	in	aviaries	for	F1,	F2	and	F3 birds.

3.	 We	studied	the	genetic	response	to	the	artificial	selection	and	found	increased	genetic	
differentiation	between	the	early and late	reproducing	selection	lines	over	generations	
(F1–F3),	indicated	by	both	diverging	GEBVs	and	increased	fixation	indices	(FST).

4.	 We	studied	the	phenotypic	response	to	selection	for	birds	breeding	 in	outdoor	
breeding	aviaries.	We	found	that	early	line	birds	laid	earlier	than	late	line	birds,	and	
this	 difference	 increased	over	 the	 generations	 (F1–F3),	with	non-significant	 line	
effects	for	the	F1	and	F2,	but	highly	significant	line	differences	for	the	F3.

5.	 We	also	assessed	whether	there	was	correlated	selection	on	two	traits	that	are	
potentially	part	of	the	mechanisms	underlying	seasonal	timing:	the	endogenous	
free-running	 period	 of	 the	 day/night	 clock	 (tau)	 and	 basal	 metabolic	 rate,	 but	
found	no	correlated	selection.

6.	 We	have	successfully	created	selection	lines	on	seasonal	timing	in	a	wild	bird	spe-
cies	and	obtained	an	instrument	for	future	studies	to	investigate	the	physiological	
mechanisms	underlying	timing	of	breeding,	and	the	genetic	variation	in	these	mech-
anisms,	an	essential	component	for	evolutionary	change	in	timing	of	reproduction.
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1  | INTRODUC TION

The	physiological	mechanisms	underlying	avian	 seasonal	 timing	of	
breeding,	 a	 life-history	 trait	with	major	 fitness	 consequences,	 are	
not	well	understood.	One	reason	for	this	is	that	timing	of	breeding,	
similar	to	many	other	life-history	traits,	is	a	“complex	trait”	(Garland,	
2003),	 in	 the	sense	that	 it	 is	 the	result	of	a	cascade	of	physiologi-
cal	events	(Visser,	Caro,	van	Oers,	Schaper,	&	Helm,	2010;	Williams,	
2012).	While	there	is	clear	phenotypic	variation	in	phenology	among	
individuals	within	a	population,	 it	 is	unclear	how	 these	 individuals	
differ	in	their	underlying	physiology.	A	better	understanding	of	vari-
ation	 in	 timing	 of	 breeding	 and	 its	 physiology,	 and	 especially	 the	
variation	which	has	a	genetic	basis,	 is	 important,	because	 this	de-
termines	the	potential	of	timing	of	breeding	to	respond	to	selection,	
that	is	its	“evolutionary	potential.”.

Comparing	individuals	that	differ	in	timing	of	breeding	is	a	prom-
ising	way	to	study	these	physiological	mechanisms.	Selection	 lines	
that	create	individuals	that	differ	 in	their	phenotype	can	be	an	es-
pecially	potential	powerful	tool	(Conner,	2003).	Selection	lines	have	
been	 used	 in	 evolutionary	 and	 physiological	 ecology	 to	 address	 a	
range	of	questions,	 such	as	 the	work	on	personalities	 in	great	 tits	
(Parus major).	 Artificial	 phenotypic	 bi-directional	 selection	 on	 di-
vergent	 levels	 of	 exploratory	 behaviour	 (Drent,	 van	 Oers,	 &	 van	
Noordwijk,	 2003)	 and	 risk-taking	 behaviour	 (van	 Oers,	 Drent,	 de	
Goede,	 &	 van	 Noordwijk,	 2004)	 showed	 correlated	 responses	 to	
selection,	 for	 example	 with	 systematic	 physiological	 changes	 on	
the	neuroendocrine	 stress	 axis.	 Faster	 exploring,	more	 risk-averse	
individuals	 thereby	 had	 higher	 expression	 of	 mineralocorticoids,	
lower	expression	of	 glucocorticoid	 receptors	 in	 the	brain	 and	ele-
vated	plasma	glucocorticoid	levels	(van	Oers,	Buchanan,	Thomas,	&	
Drent,	2011).	Also,	in	the	silver	fox	(Vulpes vulpes)	 long-term	selec-
tive	breeding	in	favour	of,	or	against,	aggressive	behaviour	resulted	
in	 selection	 lines	with	 aggressive	 and	 tame	 responses	 to	 humans,	
respectively	(Wang	et	al.,	2018).	In	guppies	(Poecilia reticulate),	diver-
gent	lines	for	large	and	small	brain	size	showed	that	due	to	a	negative	
genetic	correlation	with	gut	size,	small	brained	fish	need	to	trade-
off	relative	brain	size	with	feeding	efficiency	(Kotrschal	et	al.,	2013)	
and	immune	function	(Kotrschal,	Kolm,	&	Penn,	2016).	This	is	indic-
ative	of	evolutionary	 trade-offs	due	 to	varying	 levels	of	predation	
(Reddon,	Chouinard-Thuly,	Leris,	&	Reader,	2018).

Here,	we	explore	whether	it	is	possible	to	create	selection	lines	
for	 early	 and	 late	 breeding	 in	 great	 tits	 from	our	 long-term	 study	
population	in	the	National	Park	de	Hoge	Veluwe	(The	Netherlands).	
Timing	of	egg	 laying	 (i.e.,	 the	date	 the	 first	egg	 is	 laid)	 is	heritable	
(h2	 =	 0.17)	 in	 this	 population	 (Gienapp,	 Postma,	 &	 Visser,	 2006)	
which	 means	 that	 we	 could	 expect	 a	 response	 to	 selection.	 We	

created	an	“early”	and	a	“late”	selection	line	for	early	and	late	tim-
ing	of	breeding	using	bi-directional	genomic	selection	(Meuwissen,	
Hayes,	&	Goddard,	2016),	which	is	now	commonly	applied	in	domes-
tic	animal	breeding	and	agriculture	(Calus,	2010;	Jannink,	Lorenz,	&	
Iwata,	2010).	In	contrast	to	“traditional”	selection	where	individuals	
are	 selected	 based	 on	 their	 own	phenotypes,	 “genomic”	 selection	
selects	individuals	based	on	their	“genotypes.”	In	other	words,	selec-
tion	is	based	on	single	nucleotide	polymorphisms	(SNPs),	estimated	
as	 “genomic	 breeding	 values”	 (GEBVs,	 see	Materials	 and	Methods	
for	details),	 rather	 than	on	 their	phenotypes.	By	 selecting	directly	
on	GEBVs,	we	were	able	to	select	juvenile	individuals	who	have	not	
yet	expressed	the	phenotype	(laying	date),	thereby	speeding	up	the	
artificial	 selection.	Additionally,	we	were	able	 to	select	males	who	
do	not	express	the	phenotype	at	all.	 In	general,	genomic	selection	
is	more	 accurate,	 that	 is	 the	 expected	 and	observed	 selection	 re-
sponse	show	a	higher	correlation,	compared	to	phenotypic	selection	
(Meuwissen	et	al.,	2016;	Wolc	et	al.,	2015).

In	 this	 study,	we	use	 the	 fixation	 index	 (FST,	Holsinger	&	Weir,	
2009)	 to	 estimate	 the	 level	 of	 genetic	 differentiation	 and	 to	 de-
tect	the	SNPs	under	selection	between	the	early and late	selection	
lines.	 In	other	selection	 line	studies,	 it	has	been	used	successfully,	
for	example	in	chicken,	where	the	FST	method	detected	regions	with	
changes	in	allele	frequencies	(i.e.,	signatures	of	selection)	between	
lines	bred	 for	either	meat	or	eggs	 (Boschiero	et	al.,	2018)	and	be-
tween	three	different	lines	of	egg	layers	(Heidaritabar	et	al.,	2014).	
An	additional	“sliding	window	analysis,”	where	a	window	of	a	certain	
length	slides	along	the	genotypes,	checks	whether	SNPs	under	se-
lection	cluster	 in	certain	genomic	regions	 (Tajima,	1991).	After	ob-
taining	the	regions	under	selection	and	the	genes	located	there,	we	
conduct	a	gene	ontology	(GO)	enrichment	analysis	to	explore	which	
functional	 groups	 (GO	 terms)	 are	 over-represented	 for	 a	 specific	
gene	 set	 (Gaudet	 &	Dessimoz,	 2017;	 Primmer,	 Papakostas,	 Leder,	
Davis,	&	Ragan,	2013).	In	GO	databases,	the	genes	are	assigned	to	
predefined	functional	groups.	In	addition	to	the	GO	databases,	the	
KEGG	 (Kyoto	 Encyclopedia	 of	Genes	 and	Genomes)	 is	 a	 database	
collection	 that	 links	 genomic	 information	 with	 higher	 order	 func-
tional	information,	that	is	cellular	processes	and	pathways	(Kanehisa	
&	Goto,	2000).

Our	 selection	 line	experiment	also	allowed	us	 to	estimate	cor-
related	selection	responses	in	two	physiological	traits	potentially	re-
lated	to	laying	date:	the	endogenous	free-running	period	(tau),	which	
is	the	period	of	time	it	takes	for	an	organism's	endogenous	rhythm	
to	repeat	 in	artificial	constant	conditions,	and	basal	metabolic	rate	
(BMR).	We	could	thereby	test	whether	these	traits	were	genetically	
correlated	with	laying	date	and	are	hence	a	potentially	heritable	part	
of	the	underlying	cascade	of	laying	date.
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Tau	 underlies	 circadian	 rhythms,	 the	 way	 physiology	 and	 be-
haviour	 vary	with	daily	 changes	 in	 the	 environment,	 and	 is	 there-
fore	an	important	prerequisite	for	successful	breeding	and	survival	
(Dawson,	King,	Bentley,	&	Ball,	2001).	The	 internal	clock	regulates	
the	 expression	 of	 a	 panel	 of	 “clock”	 genes	 and	 tau	 lies	 close	 to,	
but	still	differs	significantly	from,	24	hr	(Pittendrigh	&	Daan,	1976;	
Reppert	 &	Wever,	 2002).	 Tau	 has	 been	 shown	 to	 vary	 and	 to	 be	
highly	heritable	(h2	=	0.86	±	0.24)	in	great	tits	(Helm	&	Visser,	2010),	
suggesting	that	evolutionary	changes	in	tau	are,	in	theory,	possible.	
The	 role	of	 tau	 in	 circannual	 rhythms	 (such	 as	 seasonal	 timing)	 is,	
however,	unclear.	Although	some	studies	did	not	find	a	link	between	
circadian	and	circannual	rhythms	(Agarwal,	Mishra,	Komal,	Rani,	&	
Kumar,	2017;	Budki,	Malik,	Rani,	&	Kumar,	2014),	others	have	found	
evidence	that	they	are	 linked	(Gwinner,	1986;	Myung	et	al.,	2015).	
Therefore,	we	chose	to	investigate	a	possible	response	in	tau	in	our	
breeding	time	selection	lines.

Timing	of	breeding	might	be	constrained	by	high	energetic	de-
mands	for	egg	laying	(te	Marvelde,	Webber,	Meijer,	&	Visser,	2012;	
Monaghan	&	Nager,	1997)	as	resources	are	scarce	and	temperatures	
low	 early	 in	 the	 season.	 Daily	 energy	 expenditure	 did	 not	 differ	
between	wild	early	and	late	breeding	females	during	egg	laying	(te	
Marvelde	et	al.,	2012),	and	females	selected	for	early	breeding	may	
thus	have	a	lower	BMR,	that	is	leaving	more	energy	to	produce	eggs.	
As	 BMR	 is	 heritable	 in	 birds	 (Nilsson,	 Åkesson,	 &	 Nilsson,	 2009;	
Tieleman	et	al.,	2009),	 it	could	potentially	 respond	to	selection	on	
timing	of	breeding	if	these	traits	are	genetically	correlated.

We	evaluated	 the	 response	 to	bi-directional	 artificial	 selection	
on	laying	dates	by	(a)	studying	laying	dates	(the	phenotypic	response)	
in	aviaries	under	natural	day	length	and	temperatures,	(b)	studying	
the	genomic	response	to	selection	by	using	the	fixation	index	(FST)	as	
a	measure	of	genetic	diversity	between	the	early	and	late	breeding	
birds	and	 (c)	 the	phenotypic	 response	 to	selection	 in	 traits	poten-
tially	associated	with	laying	date:	tau	and	BMR.

2  | MATERIAL S AND METHODS

2.1 | Selection lines

2.1.1 | Obtaining the F1 generation

We	created	two	selection	lines:	an	early	line	that	we	selected	for	early	
laying	and	a	late	line	that	we	selected	for	late	laying.	In	the	spring	of	
2014,	28	pairs	from	our	 long-term	study	population	 (Hoge	Veluwe,	
the	Netherlands)	were	selected	as	the	“parental”	(P)	generation	based	
on	 their	 breeding	 values,	 estimated	using	 the	pedigree	of	 the	wild	
population	 (Figure	S1).	 To	 calculate	 these	pedigree-based	breeding	
values,	we	used	the	following	animal	model	(Lynch	&	Walsh,	1998).

where yi,j	is	the	phenotype	of	individual	i in year j,	μ	is	the	popula-
tion	mean,	agei,j	 is	the	fixed	effect	of	age	(“first-year	breeder”	vs.	
“older”)	of	individual	i in year j,	yearj	is	the	fixed	effect	of	year	j	(to	
account	for	differences	among	year	driven	by	phenotypic	plasticity),	

indi	 is	 the	random	non-genetic	effect	 (also	called	“permanent	en-
vironment	effect”)	of	 individual	 i,	ai	 is	 the	additive	genetic	effect	
of individual i,	estimated	from	the	pedigree,	and	�	the	error	term.	
We	included	all	records	of	females	breeding	from	1973	to	2014	in	
the	Hoge	Veluwe	 study	 population	 into	 our	 analysis	 (Gienapp	 et	
al.,	2006;	Husby	et	al.,	2010;	Ramakers,	Gienapp,	&	Visser,	2018).	
Parents	(except	for	two	males)	were	identified	and	blood	sampled	
for	later	DNA	extraction	(see	Gienapp,	Laine,	Mateman,	van	Oers,	
&	 Visser,	 2017	 for	 details)	 and	 genotyping	 (see	 “Calculating	 the	
GEBV”	below).

From	the	parental	generation,	we	brought	all	nestlings	 (F1 gen-
eration)	 into	 the	 aviary	 facilities	 at	 the	 NIOO-KNAW	 at	 10	 days	
post-hatching	 (Figure	S2).	Nestlings	were	 ringed	 for	 identification,	
weighed	and	further	hand-raised	at	the	NIOO-KNAW	(see	Drent	et	
al.,	2003	for	details).	These	chicks	were	then	genotyped,	and	based	
on	their	GEBVs,	we	selected	individuals	for	early and late line breed-
ing	pairs	to	produce	the	next	generation	in	captivity.

2.1.2 | Obtaining the F2 and F3 generation

All	eggs	laid	by	the	F1 generation	(and	the	subsequent	F2 genera-
tion)	were	transferred	to	wild	nests,	where	they	were	 incubated	
by	foster	parents	and	hatched.	These	chicks	were	brought	into	the	
aviary	facilities	at	the	NIOO-KNAW	at	10	days	post-hatching	for	
further	hand	raising	(208	chicks	from	37	F1	pairs	and	300	chicks	
from	33	F2	pairs).	When	birds	reached	the	independent	stage	(ap-
proximately	30	days	post-hatching),	a	blood	sample	was	taken	for	
DNA	extraction	and	genotyping.	The	F2 offspring	were	genotyped	
and	selected	to	produce	an	F3 generation,	which	was	then	geno-
typed	and	selected.	After	moult	birds	were	temporarily	housed	in	
single-sex	groups	of	7	(male)	or	8	(female)	birds	in	outdoor	aviaries	
(4.2	×	1.9	×	2.1	m)	under	natural	light	conditions.	There,	birds	were	
fed	ad	libitum	and	had	water	available	for	drinking	and	bathing.

2.1.3 | Calculating the GEBV

To	 be	 able	 to	 select	 individuals	 without	 obtaining	 their	 pheno-
types,	we	predicted	“GEBVs”	 for	each	 individual	 in	 the	selection	
lines	with	the	“genomic	best	linear	unbiased	prediction”	(GBLUP)	
approach	 (Clark	 &	 van	 der	 Werf,	 2013).	 This	 approach	 uses	
genomic	markers	to	calculate	pairwise	relatedness	among	all	indi-
viduals,	that	 is	those	in	the	training	population	and	the	selection	
candidates	who	may	not	have	phenotypes.	The	genomic	related-
ness	matrix	(GRM)	obtained	in	this	way	is	then	used	to	replace	the	
pedigree-derived	 relatedness	matrix	 in	a	 standard	animal	model.	
The	predicted	breeding	values,	that	is	BLUPs	for	the	additive	ge-
netic	 effect,	 from	 a	model	 with	 a	 GRM	 are	 then	 the	 GEBVs.	 In	
short	(but	see	Gienapp,	Calus,	Laine,	&	Visser,	2019	for	methodo-
logical	details),	we	genotyped	2045	great	tit	females	that	bred	(be-
tween	1995	and	2015)	in	our	study	populations	that	had	recorded	
egg-laying	dates.	These	were	used	as	 training	population.	These	
individuals,	 as	well	 as	 all	 F1	 and	 F2	 individuals,	 were	 genotyped	
on	a	650K	SNP	chip	(Kim	et	al.,	2018)	to	predict	their	GEBVs.	We	

yi,j=�+agei,j+yearj+ indi+ai+�,
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excluded	SNPs	from	the	Z	chromosome	and	unassigned	scaffolds	
(32	467	SNPs).	Individuals	with	more	than	5%	of	missing	genotypes	
and	SNPs	with	a	call	rate	below	95%	were	discarded	resulting	 in	
665	individuals	and	437,271	SNPs.	The	selected	F1	and	F2 individ-
uals	had	egg-laying	dates	recorded	in	the	aviaries	but	these	were	
not	used	when	predicting	their	GEBVS.	To	predict	the	GEBVs,	we	
first	 corrected	 the	 phenotypes	 of	 the	 individuals	 in	 the	 training	
population	for	year	and	area	effects	(based	on	all	birds	that	bred	
in	those	years).	Fitting	these	year	and	area	effects	directly	in	the	
GBLUP	model	 would	 have	 led	 to	 biased	 estimates	 for	 these	 ef-
fects.	As	then,	the	year	and	area	corrections	would	only	be	done	
on	the	(sometimes	very	limited	number	of)	genotyped	individuals	
in	a	year/area	combination.	We	therefore	used	the	complete	data-
set	to	estimate	area	and	year	effects	with	the	following	model:

with	yi,j	being	the	phenotype	of	 individual	 i in year j,	μ	 the	over-
all	 intercept,	yrj and ara	 the	fixed	effects	 for	year	 (as	 factor)	and	
area,	respectively,	agei	the	age	of	individual	i	(as	factor,	first-year	
breeder	vs.	older)	and	indi	the	random	effect	of	individual	i.	Area	
refers	to	four	different	“study	populations”	that	are	all	part	of	the	
large	and	more	or	 less	continuous	woodland	area	on	the	Veluwe	
near	Arnhem	and	show	small	but	consistent	differences	in	timing	
of	egg-laying.	That	these	areas	are	referred	to	as	different	“study	
populations”	 is	more	 owing	 to	 “historical”	 reasons	 as	 they	 all	 lie	
within	 5	 km	 of	 each	 other.	We	 then	 fitted	 the	 following	 animal	
model,	 in	which	the	pedigree-derived	relatedness	matrix	was	re-
placed	by	the	GRM:

with	y′
i,j
	being	the	pre-corrected	phenotype	of	individual	i in year j,	that	

is y�
i,j
=yi,j− ŷrj− âra,	and	ai	the	random	additive	genetic	effect	of	indi-

vidual i.

2.1.4 | Selection procedure

Genomic	breeding	 values	were	 calculated	 for	 all	 offspring	 alive	 in	
December	of	the	year	they	were	born.	These	selection	candidates	
were	ordered	according	to	their	GEBVs,	and	suitable	pairs	(n	=	20)	
for	creating	the	next	generation	were	made	starting	with	the	most	
extreme	 individuals	 (Figure	S2).	 To	maintain	 as	much	of	 the	 initial	
genetic	variation	as	possible,	we	 tried	 to	select	within	 rather	 than	
among	families	by	including	offspring	from	each	breeding	pair	(from	
the	previous	generation)	but	maximal	 two	siblings	 (of	each	 sex)	 in	
the	selected	 individuals.	The	criterion	on	the	maximum	number	of	
selected	siblings	was	relaxed	if	necessary.	For	example,	when	there	
was	an	insufficient	number	of	(fe)males	from	one	family	with	extreme	
GEBVs,	a	 (fe)male	 from	another	 family	with	similar	GEBVs	already	
sufficiently	 (n	 =	2	 individuals	per	 sex)	 represented	 in	 the	 selected	
population	would	be	supplemented	in	order	to	keep	the	GEBVs	as	
extreme	as	possible.	We	also	paired	the	selected	individuals	dis-as-
sortatively	to	maintain	genetic	variation.	To	prevent	inbreeding,	we	
never	paired	siblings.

The	 expected	 phenotypic	 response	 to	 genomic	 selection	 was	
calculated	as	the	standardized	selection	differential	on	GEBVs	mul-
tiplied	with	the	accuracy	(0.21)	of	the	GEBVs	(Gienapp	et	al.,	2019).	
This	gives	the	expected	response	in	standard	deviations	of	the	trait.	
The	standardized	selection	differential	on	GEBVs	was	calculated—
analogous	 to	 the	phenotypic	 case—as	 the	difference	between	 the	
means	of	the	unselected	population	and	the	selected	individuals	di-
vided	by	the	standard	deviation	of	the	GEBVs	in	the	population	prior	
to	selection	(Lynch	&	Walsh,	1998).	Since	not	all	males	of	breeding	
pairs	from	the	P	generation	were	genotyped,	we	assumed	random	
mating	with	 regard	 to	 laying	date	 and	 therefore	halved	 the	 calcu-
lated	 selection	 differential	 for	 this	 generation,	 as	 it	was	 based	 on	
only females.

2.2 | Housing conditions and laying dates

From	 January	 (2015–2017)	 onwards,	 the	 breeding	 pairs	 (n = 120; 
40	aviaries	times	3	years,	for	F1,	F2 and	F3)	were	housed	in	40	out-
door	aviaries	(4.2	×	1.9	×	2.1	m)	where	the	birds	were	subjected	to	
natural	 photoperiod	 length	 and	 temperatures.	 From	 the	 20th	 of	
February	onwards,	 the	 birds	 received	daily	 additional	 light	 from	a	
single	 full-spectrum	daylight	 fluorescent	 lamp	 (58W,	5500K,	True-
light,	The	Netherlands)	per	aviary.	Lights	went	on	2.5	hr	before	sun-
rise	until	12:00	p.m.	in	order	to	synchronize	their	breeding	with	the	
wild	population	which	fostered	the	eggs	 laid	 in	captivity.	The	time	
of	lights	on	changed	daily	with	sunrise,	but	never	earlier	than	02:00	
a.m.	We	made	a	distinction	between	the	north	and	south	sides	of	
the	aviary	building	as	the	latter	experienced	a	different	environment	
throughout	the	breeding	season	because	of	the	daily	rotation	of	the	
sun.	 Temperatures	were	 recorded	 every	 10–30	min	 using	 loggers	
(Thermochron	iButton).

Nest	boxes	in	the	aviaries	were	checked	daily	for	eggs.	Eggs	were	
collected	 and	 replaced	by	dummy	eggs.	When	a	 female	had	 incu-
bated	a	complete	artificial	clutch	for	5	days,	it	was	removed	and	the	
female	was	allowed	to	relay.	Laying	date	is	recorded	as	the	day	the	
first	egg	of	the	first	clutch	was	laid.

2.3 | Identifying loci differentiated between 
selection lines

To	quantify	the	level	of	genetic	differentiation	between	the	early and 
late	 lines,	we	estimated	FST	(Holsinger	&	Weir,	2009)	for	each	SNP	
in	every	generation	using	a	custom-made	Affymetrix	great	tit	650K	
SNP	chip	(Kim	et	al.,	2018).	We	used	the	same	SNPs	as	for	the	esti-
mation	of	GEBVs	(see	“Calculating	the	GEBV”	above).	We	calculated	
FST	values	for	individual	SNPs	between	early and late	lines	using	the	
program	PLINK	1.9	 (Purcell	 et	 al.,	 2007).	 In	 order	 to	 see	whether	
highly	 differentiated	 SNPs	 cluster	 to	 certain	 genomic	 regions,	we	
also	used	sliding	window	FST	calculation.	For	this,	we	used	vcftools	
0.1.14	(Danecek	et	al.,	2011)	with	--fst-window-size	200,000	and	--
fst-window-step	50,000.	To	distinguish	SNPs	under	selection	from	
genetic	differences	between	the	lines	due	to	drift,	we	used	Arlequin	
version	3.5.2.2	 (Excoffier	&	 Lischer,	 2010),	which	 uses	 coalescent	

yi,j=�+yrj+ara+agei+ indi+�,

y�
i,j
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simulations	 to	get	 the	p-values	of	 locus-specific	F-statistics	condi-
tioned	 on	 observed	 levels	 of	 heterozygosities	 (Excoffier,	 Hofer,	 &	
Foll,	2009).	We	used	all	the	generations	in	the	model	(P-F1-F2-F3)	and	
two	lines	(early and late)	and	the	run	was	conducted	with	default	val-
ues,	except	that	we	increased	the	number	of	simulations	and	demes	
(100,000	simulations	and	1,000	demes).	For	the	SNPs	under	selec-
tion,	we	also	calculated	observed	versus	expected	heterozygosities.	
A	GO	enrichment	analysis	was	done	on	genes	linked	to	SNPs	with	
FST p-values	<0.01	in	order	to	see	the	functional	relatedness	of	GO	
terms	and	genes	under	selection.	The	significant	SNPs	could	be	as-
signed	to	1,743	great	tit	genes	(NCBI	Parus major	genome	version	1.1,	
GCA_001522545.2,	annotation	release	ID:	101).	Functional	related-
ness	of	GO	terms	was	done	using	the	Cytoscape	plugin	ClueGo	2.5.1	
(Bindea	et	al.,	2009).	ClueGo	constructs	and	compares	networks	of	
functionally	related	GO	terms	with	kappa	statistics.	A	two-sided	hy-
pergeometric	test	(enrichment/depletion)	(Rivals,	Personnaz,	Taing,	
&	Potier,	2007)	was	applied	with	GO	term	fusion,	network	specificity	
and	Kappa	score	were	kept	at	default	values	and	false	discovery	cor-
rection	was	carried	out	using	the	Bonferroni	step-down	method.	We	
used	both	human	 (30.08.2018)	and	chicken	 (21.09.2018)	gene	on-
tologies	and	the	KEGG	(Kanehisa	&	Goto,	2000)	pathway	database	
for	comparison	due	to	differences	in	GO	annotations.

2.4 | Phenotypic changes associated with 
selection—correlated response

2.4.1 | Endogenous free‐running period length (tau)

Following	 the	breeding	 season	of	2015	and	2016	 (Figure	S3),	167	
birds	 (F1	 =	66,	F2	 =	101)	were	 transferred	 in	 autumn	 to	 individual	
cages	 distributed	 over	 three	 rooms.	 The	 cages	 were	 equipped	
with	 two	 wooden	 perches,	 with	 one	 being	 connected	 to	 a	 com-
puter	 to	 register	 perch-hopping	 activity	 (software	 developed	 by	
T&M	Automation,	Leidschendam,	The	Netherlands).	All	birds	were	
entrained	to	a	L:D	schedule	for	6	days	with	a	1,000	lux	light	(18W	
Havells	 Sylvana	Activa	172)	 at	perch	 level.	 Length	of	photoperiod	
was	based	on	the	amount	of	natural	daylight	on	the	day	the	experi-
ment	 began.	 Subsequently,	 the	 light	was	 turned	 off	 and	 birds	 re-
ceived	constant	dim	light	with	an	intensity	of	0.5	lux	at	perch	level	
for	14	days,	during	which	we	measured	the	length	of	time	it	takes	for	
an	individual's	endogenous	rhythm	to	repeat	in	constant	conditions,	
that	is	the	endogenous	free-running	period	length	(tau).	White	noise	
was	played	continuously	to	mask	neighbouring	vocalizations	and	ac-
tivity	to	prevent	birds	influencing	each	other.

2.4.2 | Basal metabolic rate

After	juveniles	had	completed	moult,	but	before	they	were	paired	for	
the	breeding	season	(Figure	S2),	BMR	from	620	individuals	(F1	=	163,	
F2	=	181,	F3	=	276)	was	measured	 in	autumn	and	winter	of	2014–
2016.	Birds	were	caught	from	their	outdoor	aviaries	around	17:00	
p.m.	and	transferred	to	a	respiratory	chamber	within	an	open-circuit	
respirometer	 (see	Amo,	Caro,	&	Visser,	2011;	Caro	&	Visser,	2009	

for	details).	 In	short,	oxygen	consumption	(ml	O2 min−1)	was	calcu-
lated	 as	 the	difference	 in	 oxygen	 concentration	between	 air	 from	
the	respirometer	chambers	and	reference	air	from	an	empty	cham-
ber.	Metabolic	rate	(kJ	24	hr−1)	was	calculated	by	converting	oxygen	
consumption,	assuming	an	energetic	equivalence	of	20	kJ	per	litre	of	
O2	 (Weir,	1949).	Birds	were	weighed	after	overnight	measurement	
(i.e.,	morning	mass),	before	being	transferred	back	to	their	outdoor	
aviaries	the	next	morning.

2.5 | Statistical analyses

All	analyses	were	performed	in	R	(version	3.3.1),	and	animal	models	
were	 run	 using	ASReml-R	 (Butler,	Cullis,	Gilmour,	&	Gogel,	 2009).	
Effects	were	considered	significant	when	p	<	0.05.	For	the	analysis	
of	laying	dates,	we	fitted	linear	models.	We	then	followed	backward	
elimination	 of	 the	 model	 and	 used	 analysis	 of	 variance	 (ANOVA)	
to	test	for	the	effects	of	aviary	side,	selection	line,	generation	and	
their	interactions.	We	included	aviary	side	because	half	of	the	aviar-
ies	faced	north	and	the	other	half	south	(later	referred	to	as	“north	
side”	 and	 “south	 side,”	 respectively).	 The	 two	 sides	 experienced	 a	
different	environment	throughout	the	breeding	season	because	of	
the	daily	rotation	of	the	sun.	Differences	in	mean	daily	temperatures	
were	tested	from	16	March	to	20	April,	following	(Visser,	Holleman,	
&	Gienapp,	2006),	by	performing	a	t	test	per	year.

To	calculate	tau	(in	hours)	from	activity	data,	we	used	ChronoShop	
1.1	 (Spoelstra,	Verhagen,	Meijer,	&	Visser,	2018).	Actograms	were	
plotted	in	ChronoShop	based	on	the	Lomb–Scargle	algorithm	(Ruf,	
1999).	We	excluded	72	individuals	from	analyses	due	to	low	individ-
ual	activity,	technical	errors,	or	because	they	were	remaining	birds	
from	the	F3 generation,	but	 their	number	was	 too	 low	 (n	=	19)	 for	
proper	statistical	testing.	This	allowed	data	analysis	of	115	birds	for	
the	F1	and	F2 generation.	ChronoShop	distinguishes	between	quali-
tative	(activity	or	no	activity)	and	quantitative	(different	activity	lev-
els	or	no	activity)	data.	We	have	chosen	to	analyse	the	quantitative	
data,	as	these	contain	more	information.	We	performed	Mantel	tests	
(Mantel,	1967)	from	the	“ade4”	package	to	test	for	a	possible	influ-
ence	of	neighbouring	birds.	No	neighbouring	effects	on	 the	onset	
of	activity	were	detected	(p-values	≥	0.06,	Table	S1).	Fitting	a	linear	
model,	we	determined	effects	of	generation,	selection	line,	sex	and	
their	 interactions	 by	 backward	 elimination	 and	ANOVA	 for	model	
selection.	A	Tukey	test	was	performed	for	post	hoc	analysis.

Basal	 metabolic	 rates	 were	 analysed	 with	 linear	 mixed	 effect	
models	using	the	“lme4”	package	(Bates,	Maechler,	Bolker,	&	Walker,	
2015).	Sex,	 selection	 line,	generation,	morning	mass	and	 tempera-
ture	 at	 17:00	 p.m.	 were	 fixed	 effects	 and	 respiratory	 chamber	
and	 date	 of	 BMR	 measurement	 as	 random	 effects.	We	 then	 fol-
lowed	backward	elimination	of	the	model	based	on	the	F	test	with	
Kenward–Roger	 approximation	 from	 the	 KRmodcomp	 function	 in	
the	“pbkrtest”	package	in	R	(Halekoh	&	Højsgaard,	2014).	The	her-
itability	of	BMR	was	estimated	as	done	previously	with	the	herita-
bility	of	tau	in	another	study	(Laine,	Atema,	et	al.,	2019;	V.	N.	Laine,	
I.	Verhagen,	A.	C.	Mateman,	A.	Pijl,	P.	Gienapp,	K.	van	Oers,	&	M.	E.	
Visser,	Unpublished).	In	short,	an	initial	mixed	linear	model	was	fitted	
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with	 the	 “ASReml-R”	 package	 to	 remove	 non-significant	 effects	
based	on	the	Wald	F	test	(p	<	0.05).	Subsequently,	an	animal	model	
(Henderson,	1986;	Kruuk,	2004),	using	the	GRM	of	the	individuals	
(see	“Calculating	the	GEBV”	above),	was	fitted	for	BMR	with	fixed	
factors	sex,	selection	 line	and	their	 interaction,	as	well	as	morning	
mass	and	outside	temperature	at	17:00	p.m.

3  | RESULTS

3.1 | Genomic characteristics of the selection lines

Genomic	 breeding	 values	 differed	 significantly	 between	 the	 two	
selection	 lines	 (Figure	 1,	 F1,	 235	 =	 1,428,	 p	 <	 0.001)	 and	 diverged	
significantly	 over	 the	 generations	 (interaction	 line	 ×	 generation:	 
F1,	234	=	27.1,	p	<	0.001,	Figure	1).	When	analysing	the	selection	lines	
separately,	 GEBVs	 decreased	 significantly	 over	 the	 generations	 in	
the	early	selection	line	(b	=	−0.079	±	0.018,	F1,	117	=	18.7,	p	<	0.001)	
and	 the	 GEBVs	 increased	 significantly	 in	 the	 late	 selection	 line	
(b	=	0.112	±	0.032,	F1,	116	=	12.3,	p	<	0.001).	For	both	the	early and late 
selection	lines,	standardized	selection	differentials	were	moderately	
strong	(Kingsolver	et	al.,	2001)	and	in	opposite	directions	(Table	1).

3.2 | Identifying loci differentiated between 
selection lines

The FST	values	 between	 early and late	 lines	 ranged	 from	 −0.003	 to	
0.432	(Figure	2,	Table	S2).	In	the	sliding	window	analysis,	clear	peaks	
formed	especially	in	chromosome	4A,	but	due	to	low	linkage	disequilib-
rium	in	the	great	tit	genome	(van	Bers	et	al.,	2012),	the	FST	values were 

lower	 in	the	sliding	window	setting	 (Figure	S5).	When	distinguishing	
drift	from	selection,	altogether	4,786	SNPs	showed	a	significant	signal	
of	selection	 (p	<	0.01),	which	showed	 increasing	FST	values	between	
lines	over	generations	(Figure	3,	Table	S3).	These	SNPs	covered	1,753	
(1,743	unique)	great	tit	genes	(Table	S4)	of	which	1,525	and	1,472	are	
also	found	in	human	and	chicken	GO	databases,	respectively.	When	
using	the	human	GO	database,	we	found	204	significant	GO	terms	as-
sociated	with	 the	genes	under	 selection	 (Table	S5).	When	using	 the	
chicken	GO	database,	126	significant	GO	terms	were	found	(Table	S6).	
From	the	GO	terms,	95	were	shared	by	both	database	results.

3.3 | Response to selection

The	cumulative	predicted	response	to	genomic	selection	(i.e.,	the	
sum	of	 the	 selection	differentials)	was	−0.72	days	 for	 the	early 
line	 and	0.84	days	 for	 the	 late	 line	 (Table	1).	Assuming	 the	un-
selected	parental	generation,	that	is	the	breeding	population	on	
the	 Hoge	 Veluwe	 in	 2014,	 has	 an	 average	 GEBV	 of	 0,	 we	 can	
compare	the	cumulative	selection	response	to	the	mean	GEBV	in	
the	F3 generation.	The	average	GEBV	of	the	F3 individuals	of	the	
early	line	was	−0.50,	while	it	was	0.61	for	the	late	line.	This	cor-
responds	reasonably	well	to	the	expected	cumulative	responses.	
Please	 note	 that	 the	 response	 to	 genomic	 selection	 cannot	 be	
directly	compared	with	the	phenotypic	divergence	in	the	egg-lay-
ing	dates	reported	below	because	GEBVs	are	for	egg-laying	dates	
in	the	wild,	while	the	phenotypes	are	for	a	different	trait,	namely	
egg-laying	 date	 in	 the	 aviary.	 For	 example,	 egg-laying	 dates	 in	
the	aviaries	have	a	considerably	higher	heritability	(0.42	±	0.22,	
LRT:	χ2	=	5.56,	df	=	1,	p	=	0.02)	than	“wild”	egg-laying	dates	(0.17,	
Gienapp	et	al.,	2006).

Over	 the	3	 years,	 14	out	of	120	 females	were	excluded	 for	 the	
analysis	 on	 egg-laying	 dates	 as	 they	 did	 not	 initiate	 egg-laying.	 The	
females	from	the	early	 line	 laid	on	average	6.2	±	2	days	(mean	±	SE)	
earlier	compared	to	 late	 line	(p	=	0.003,	Table	2,	Figure	4).	Although	
there	is	no	difference	in	egg-laying	dates	between	the	selection	lines	
at	the	F1 generation	(early	=	13.9	±	2.5,	late	=	15.9	±	3.6,	t(27.8)	=	−0.55,	
p	=	0.585),	nor	at	the	F2 generation	(early	=	14.0	±	2.7,	late	=	20.0	±	3.7,	
t(28.4)	=	−1.59,	p	=	0.123),	egg-laying	dates	did	differ	significantly	be-
tween	 the	 selection	 lines	 at	 the	 F3 generation	 (early	 =	 12.6	 ±	 2.4,	
late	=	22.2	±	3.4,	t(35)	=	−2.82,	p	=	0.008).	This	response	to	selection	in	

F I G U R E  1  Change	in	genomic	breeding	values	(GEBVs)	
over	generations	in	the	selected	individuals.	GEBVs	decreased	
significantly	for	the	early	selection	line	(red)	and	increased	
significantly	for	the	late	selection	line	(blue)
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TA B L E  1  Selection	differentials	on	GEBVs	within	generations	
and	the	cumulative	selection	differentials	over	generations.	Here,	
the	selection	differential	is	the	difference	in	the	trait	between	the	
unselected	population	and	the	selected	individuals

 P F1 F2 Cumulative

Early	selection	
line

−0.445 −0.134 −0.14 −0.719

Late	selection	
line

0.49 0.227 0.126 0.844

GEBVs,	genomic	breeding	values.
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egg-laying	dates	was	of	a	larger	magnitude	compared	to	the	response	
in	GEBVs	(Figure	1;	see	also	Discussion).

Females	housed	in	the	south	side	of	the	aviary	building	initiated	
egg-laying	 on	 average	 5.3	 ±	 2.0	 days	 earlier,	 independent	 of	 line,	
compared	to	the	north	side	(p	=	0.009).	Average	daily	temperatures	
did	not	differ	significantly	between	the	north	and	south	sides	(2015;	
p	=	0.142,	2016;	p	=	0.157,	2017;	p	=	0.176,	Figure	S4),	indicating	that	
the	difference	in	egg-laying	between	sides	is	determined	by	another	
factor,	which	we	did	not	measure.

3.4 | Correlated responses in tau and BMR

3.4.1 | Endogenous free‐running period length (tau)

The	heritability	of	tau	was	previously	estimated	to	be	h2	=	0.48	±	0.22	
(Laine,	Atema,	et	al.,	2019;	V.	N.	Laine,	I.	Verhagen,	A.	C.	Mateman,	A.	
Pijl,	P.	Gienapp,	K.	van	Oers,	&	M.	E.	Visser,	Unpublished).	We	found	
no	correlated	response	to	selection	on	laying	date	of	tau	(Table	S7,	
Figure	5);	 selection	 lines	did	not	differ	 (p	 =	0.211)	 in	 tau.	 In	 addi-
tion,	no	differences	(p	=	0.246)	between	generations	were	observed.	
There	was	a	significant	difference	(p	=	0.002)	in	tau	between	sexes,	
where	males	showed	a	slightly	longer	tau	(5.82	±	1.86	min)	compared	
to	females	(Table	S7,	Figure	5).

3.4.2 | Basal metabolic rate

The	heritability	of	BMR	was	estimated	 to	be	h2	=	0.08	±	0.08.	Sex,	
line,	generation	and	 line	×	generation	did	not	affect	BMR	(Table	S8,	
Figure	6),	while	correcting	for	morning	mass	(p	<	0.001)	and	tempera-
ture	outside	at	17:00	p.m.	(p	<	0.001,	Table	S8,	Figure	6).	In	addition,	the	
random	effects	“respirometer	channel”	(χ2	=	3.4905,	df	=	1,	p	=	0.062)	
and	“date	of	BMR	measurement”	(χ2	=	2.9326,	df	=	1,	p	=	0.087)	did	not	
explain	the	variation	in	BMR.

4  | DISCUSSION

We	found	genetic	and	phenotypic	responses	in	timing	of	breeding	to	
bi-directional	artificial	selection	using	genomic	selection.	Selection	
significantly	decreased	and	 increased	GEBVs	for	 the	early and late 
selection	 lines,	 respectively,	 and	 we	 found	 increasing	 FST	 values 
between	 selection	 lines	 over	 the	 course	 of	 three	 generations.	 In	
addition,	we	found	a	phenotypic	response	to	genomic	selection	 in	
laying	date	where	early	line	females	in	the	outdoor	aviaries	laid	about	

F I G U R E  2  Manhattan	plot	showing	
on	the	y-axis	the	FST	values	(ranging	from	
−0.003	to	0.432)	estimated	for	each	
of	the	SNPs	between	the	early and late 
selection	lines	in	the	genome	(along	the	x-
axis)	including	all	generations.	The	colours	
are	to	distinguish	chromosomes	from	each	
other
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F I G U R E  3   FST	values	between	the	selection	lines	over	
generations	for	the	4,786	SNPs	showing	a	significant	signal	of	
selection,	that	is	SNPs	that	show	an	increase	in	FST	over	generations	
(generated	from	Table	S3)
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6	days	earlier	compared	 to	 late	 line	 females.	 In	 the	wild,	6	days	 is	
roughly	one	standard	deviation	of	the	within-year	variation	in	laying	
date	(Gienapp	et	al.,	2006).	We	did	not	find	a	correlated	response	to	
selection	for	tau	or	BMR.

4.1 | Underlying genomic changes

Our	genomic	selection	led	to	genomic	differentiation	between	the	
selection	lines,	measured	by	FST.	The	genes	in	genomic	areas	where	
the	FST	 is	more	strongly	differentiated	between	the	 lines	than	ex-
pected	by	drift	are	 linked	to	neuronal-	and	developmental-related	
GO	groups	(Tables	S5	and	S6).	One	of	the	most	significant	genes,	the	
adipokine	angiopoietin	1	(ANGPT1,	Table	S3),	is	an	important	gene	in	
angiogenesis	(Koh,	2013)	and	has	been	shown	to	be	part	of	follicular	
development	in	rats	(Rudolph	et	al.,	2016),	pregnancy	complications	
in	humans	(Andraweera	et	al.,	2012)	and	may	have	a	possible	role	
in	 avian	 reproduction	 (Bornelöv	 et	 al.,	 2018).	 Another	 highly	 sig-
nificant	 gene,	 glycerol-3-phosphate	 dehydrogenase	 1-like	 (GPD1L, 
Table	 S3),	 has	 been	 shown	 to	 be	 linked	 to	 adaptive	 responses	 to	
temperature	 in	 chicken	 thyroids	 (Xie	 et	 al.,	 2018).	Also,	 zona	pel-
lucida	glycoprotein	4	(ZP4)	differentiated	significantly	between	the	
selection	lines.	This	gene	codes	for	glycoproteins	which	constitute	
the	avian	perivitelline	layer	and	plays	various	roles	(e.g.,	oocyte	pro-
tection)	in	reproductive	functioning	(Serizawa	et	al.,	2011).

In	the	regulation	of	the	hypothalamic–pituitary–gonadal–liver	axis	
(HPGL	axis),	that	is	the	physiological	mechanism	underlying	seasonal	
breeding	in	birds,	both	the	circadian	clock	and	thyroid	play	critical	roles	
(Dawson	 et	 al.,	 2001;	Nakane	&	Yoshimura,	 2014).	Although	no	 re-
sponse	in	tau	was	observed,	we	found	increased	genetic	differentiation	
between	the	selection	lines	in	the	allele	frequencies	of	genes	related	
to	 a	 circadian	entrainment	KEGG	pathways	 (Table	S5).	 Interestingly,	
in	another	study,	we	did	not	find	a	difference	in	onset	of	activity	(as	
a	measure	of	entrainment)	in	a	L:D	cycle	between	the	selection	lines	
nor	 a	 clear	 genomic	 signal	 underlying	 the	 variation	 in	 the	 circadian	
traits	studied	(Laine,	Atema,	et	al.,	2019;	V.	N.	Laine,	I.	Verhagen,	A.	C.	
Mateman,	A.	Pijl,	P.	Gienapp,	K.	van	Oers,	&	M.	E.	Visser,	Unpublished).	
One	should	note,	however,	that	the	genes	investigated	in	Laine,	Atema,	

Parameter Estimate SE F‐ratio df, ndf p‐Value

Line	×	generation	×	side   0.84 2,	94 0.434

Late	×	F2	×	South −3.048 10.112    

Late	×	F3	×	South −12.325 9.976    

Generation	×	side   0.37 2,	96 0.689

F2	×	South 4.133 5.045    

F3	×	South 0.925 4.977    

Line	×	side 3.496 4.038 0.75 1,	98 0.389

Line	×	generation   1.10 2,	99 0.336

Late	×	F2 3.469 4.999    

Late	×	F3 7.308 4.930    

Generation   0.49 2,	101 0.614

F2 1.887 2.500    

F3 2.316 2.466    

Side	(South) −5.314 2.007 7.00 1,	103 0.009

Line	(late) 6.157 2.006 9.42 1,	103 0.003

Intercept 16.198 1.748   <0.001

TA B L E  2  Estimated	parameters	of	the	
linear	models	investigating	the	degree	
of	variation	in	laying	dates	(n	=	106)	
explained	by	selection	line,	generation,	
the	side	(north	or	south)	of	the	aviary	
building	and	their	interactions.	All	
parameters	were	fixed	effects	in	the	
model,	and	statistics	are	given	for	the	
point	of	exclusion	from	the	model.	Bold	
p-values	indicate	significance

F I G U R E  4  Mean	laying	dates	(mean	±	SEM)	in	April	dates	
(01–04	is	1,	02–04	is	2	etc.),	from	selection	line	females	in	outdoor	
aviaries	for	the	three	generations.	The	mean	laying	dates	per	
generation	for	the	early	selection	line	females	(F1	=	18,	F2	=	17,	
F3	=	18)	are	represented	in	red,	and	the	mean	laying	dates	per	
generation	for	the	late	selection	females	(F1	=	16,	F2	=	18,	F3	=	19)	
are	represented	in	blue
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et	 al.	 (2019)	 and	V.	N.	 Laine,	 I.	Verhagen,	A.	C.	Mateman,	A.	Pijl,	 P.	
Gienapp,	K.	 van	Oers,	&	M.	E.	Visser,	 (Unpublished)	differ	 from	 the	
genes	 in	 the	circadian	entrainment	KEGG	pathway,	where	 the	 latter	
may	thus	give	potential	insights	into	genetic	variation	underlying	phe-
notypic	variation	in	circadian	traits.	Furthermore,	neuronal-	and	espe-
cially	glutamate-related	GO	groups	and	KEGG	pathways	are	known	to	
be	important	in	learning	(Audet	et	al.,	2018),	behaviour	(Wang	et	al.,	
2018)	and	in	the	HPGL	axis	especially	during	reproduction	(Maffucci	&	
Gore,	2009;	Neal-Perry	&	Santoro,	2006;	Zhang	et	al.,	2016).

4.2 | Response to selection

The	observed	average	difference	in	laying	dates	between	the	selec-
tion	 lines	was	about	6	days,	which	 is	 considerably	 larger	 than	 the	
difference	of	about	one	day	in	GEBVs.	It	is	not	completely	clear	why	

there	is	such	a	difference	in	the	magnitude	of	the	response	but	one	
potential	explanation	is	that	this	is	due	to	regression	to	the	mean.	A	
characteristic	of	GEBVs	is	that	their	mean	is	zero	and	their	variance	
is	set	by	their	accuracy,	which	is	~0.2	in	this	study.	The	lower	the	ac-
curacy,	the	smaller	the	variance	around	the	mean	and	the	closer	the	
GEBVs	will	be	“pulled”	towards	the	mean	(i.e.,	zero).	Therefore,	the	
selection	 lines	are	showing	a	smaller	response	 in	GEBVs	(Figure	1)	
than	in	egg-laying	dates	(Figure	4),	for	which	this	problem	does	not	
occur	 and	 as	 such	 can	 be	 interpreted	 as	 the	 realized	 response	 to	
selection.	An	additional	reason	may	be	that	the	first	selection	step	
(from	 the	 parental	 to	 the	 F1 generation)	 was	 based	 on	 pedigree-
based	breeding	values	and	not	on	GEBVs,	but	when	we	calculated	
the	 cumulative	 response	 based	 on	 GEBVs,	 we	 also	 included	 this	
selection	step.	Not	all	males	of	the	pairs	from	the	P	generation	we	
selected	were	genotyped	at	the	time	of	selection.	Therefore,	we	had	

F I G U R E  5   In	panel	(a),	tau	in	hours	(mean	±	SEM)	is	shown	for	all	individuals	(N	=	115)	over	two	generations.	The	mean	individual	tau	per	
generation	is	represented	in	red	and	blue	for	the	early and late	selection	lines,	respectively.	For	panel	(a),	we	adjusted	the	horizontal	position	
of	the	data	shown	in	panel	(a)	to	prevent	overlap	and	so	facilitate	clarity	of	the	graph.	Panel	(b)	visualizes	the	significant	effect	(p	=	0.002,	
Table	S7)	found	between	sexes	(Nfemales	=	60,	Nmales	=	55).	For	both	panels,	the	y-axis	of	panel	(a)	applies
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F I G U R E  6   In	panel	(a),	basal	metabolic	rates	(mean	±	SEM)	are	shown	for	all	individuals	(N	=	620)	over	three	generations.	For	this	panel,	
we	adjusted	the	horizontal	position	of	the	data	shown	to	prevent	overlap	and	so	facilitate	clarity	of	the	graph.	The	mean	(panel	a)	and	
individual	(panel	b	and	c)	BMRs	are	represented	in	red	and	blue	for	the	early and late	selection	lines,	respectively.	Panel	b	visualizes	the	
significant	effect	found	for	outside	temperature	(in	degrees	Celsius)	at	17:00	on	BMR	(F1,	275.8	=	27.92,	p	<	0.001,	Table	S8)	and	panel	(c)	
the	significant	effect	of	morning	mass	(in	grams)	on	BMR	(F1,	550.2	=	120.33,	p	<	0.001,	Table	S8).	For	all	three	panels,	the	y-axis	of	panel	(a)	
applies
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to	assume	that	breeding	pairs	were	mated	randomly	with	regard	to	
their	GEBVs,	which	may	not	have	been	the	case	and	could	have	influ-
enced	our	expected	genomic	selection	response.	Lastly,	the	aviary	
laying	dates	may	not	be	exactly	the	same	trait	as	wild	laying	dates	
(see	 below).	 As	 a	 result	 of	 these	 three	 possibilities,	 a	 comparison	
between	 genomic	 selection	 response	 and	 phenotypic	 divergence	
between	the	selection	lines	in	the	aviaries	is	difficult	to	interpret.

Laying	 dates	 in	 captivity	 differ	 from	 laying	 dates	 in	 the	 wild	
as	 discussed	 in	 detail	 in	 another	 study	 (Visser,	Holleman,	&	Caro,	
2009),	 where	 captive	 females	 initiate	 egg-laying	 on	 average	 later	
compared	to	wild	females.	A	probability	for	this	delay	in	egg-laying,	
among	others,	could	be	that	females	lack	specific	cues	(Lambrechts,	
Perret,	Maistre,	&	Blondel,	1999)	or	experience	a	disrupted	correla-
tion	between	predictive	cues	(Bentley,	Goldsmith,	Dawson,	Briggs,	
&	Pemberton,	1998)	in	(semi-)artificial	conditions.	We	counteracted	
this	successfully	by	increasing	photoperiod	with	2.5	hr	of	extra	light	
(see	 “Housing	 conditions	 and	 laying	 dates”	 above),	 but	 we	 could	
question	 whether	 aviary	 laying	 dates	 obtained	 in	 this	 study	 are	
comparable	 to	 those	 in	 the	wild?	 Laying	date	 is	 the	outcome	of	 a	
neuroendocrine	cascade	along	the	HPGL	axis,	which	in	birds	starts	
months	previously	with	the	onset	of	gonadal	growth	triggered	by	in-
creasing	photoperiod	(Ball	&	Balthazart,	2002;	Dawson	et	al.,	2001).	
As	the	change	in	photoperiod	is	highly	predictable	every	year,	it	can-
not	account	for	the	variation	in	laying	dates	across	years	or	females.	
Females	make	use	of	supplementary	cues	(e.g.,	temperature,	social	
cues)	to	fine-tune	the	onset	of	egg-laying	(Dawson,	2008),	and	thus,	
variation	in	laying	date	can	be	caused	by	individual	variation	in	un-
derlying	processes	(Visser	et	al.,	2010).	Increasing	photoperiod	arti-
ficially,	therefore,	has	a	direct	effect	on	the	activation	of	the	HPGL	
axis,	 but	 not	 on	egg-laying	 itself.	Unfortunately,	 the	 selection	 line	
female	great	tits	have	no	wild	laying	dates,	and	so,	we	were	unable	to	
test	for	a	within	female	correlation	between	wild	and	captive	laying	
dates.	There	are	also	too	few	aviary	birds	with	relatives	in	the	wild	
for	which	we	have	laying	dates,	and	hence,	an	analysis	on	genetic	co-
variation	of	wild	versus	aviary	laying	dates	has	too	little	power.	There	
is,	however,	evidence	that	there	is	a	strong	correlation	between	lay-
ing	dates	from	wild	great	tits	having	initiated	egg-laying	both	in	the	
wild	and	in	captivity	(Visser	et	al.,	2009).

The	F1–F3	generation	birds	in	this	study	were	kept	in	outdoor	avi-
aries	but	their	siblings,	with	less	extreme	GEBVs,	were	kept	in	climate	
controlled	aviaries,	as	done	previously	with	great	tits	(Caro	&	Visser,	
2009;	Schaper	et	al.,	2012;	Visser	et	al.,	2009).	In	these	aviaries,	birds	
were	subjected	to	two	contrasting	temperature	treatments	mimick-
ing	an	extremely	cold	and	extremely	warm	spring	in	the	Netherlands.	
Laying	dates	of	these	females	will	be	published	elsewhere	(I.	Verhagen,	
V.	N.	Laine,	A.	C.	Mateman,	A.	Pijl,	R.	de	Wit,	B.	van	Lith,	M.	E.	Visser,	
Unpublished,	I.	Verhagen	et	al.,	in	prep).	It	is,	however,	worth	mention-
ing	that	the	laying	dates	in	these	breeding	pairs	did	not	differ	between	
the	early and late	 selection	 lines,	nor	 that	an	 interaction	was	 found	
between	selection	line	and	temperature	treatment.	This	lack	of	effect	
of	selection	line	on	laying	date	is	in	contrast	with	the	findings	in	this	
study	where	birds	were	kept	in	outdoor	aviaries.	Possible	reasons	are	
pointed	out	above,	and	the	birds	in	climate	controlled	aviaries	might	

experience	an	even	higher	reduction	in	environmental	variability.	The	
lack	of	an	effect	could	potentially	also	be	caused	by	the	less	extreme	
GEBVs	these	birds	have	or	stress	caused	by	the	artificial	environment	
(Caro,	Lambrechts,	Balthazart,	&	Perret,	2007).	These	contrasting	re-
sults	highlight	how	important	and	complex	the	influence	of	environ-
mental	cues	on	(complex)	traits	is.

4.3 | Correlated responses in tau and BMR

As	 avian	 timing	 of	 breeding	 is	 a	 complex	 trait,	 that	 is	 determined	
by	many	genes,	 it	 is	 likely	that	pleiotropy	or	 linkage	disequilibrium	
could	 generate	 genetic	 covariation	 among	 traits.	As	 tau	 and	BMR	
are	 possibly	 related	 to	 timing	 of	 breeding	 (Helm	 &	 Visser,	 2010;	
Nilsson	&	Nilsson,	2016;	Tieleman	et	al.,	2009),	selection	on	these	
traits	could	potentially	affect	timing	of	breeding,	that	is	selection	on	
correlated	traits	 (Lande	&	Arnold,	1983;	Merilä,	Sheldon,	&	Kruuk,	
2001).	Heritability	of	tau	was	high	(h2	=	0.48	±	0.22)	(Laine,	Atema,	et	
al.,	2019;	V.	N.	Laine,	I.	Verhagen,	A.	C.	Mateman,	A.	Pijl,	P.	Gienapp,	
K.	 van	Oers,	&	M.	 E.	 Visser,	Unpublished),	which	 complies	with	 a	
previous	study	on	captive	great	tits	(Helm	&	Visser,	2010).	However,	
we	found	no	correlated	directional	response	to	genomic	selection	in	
BMR	and	tau	(Tables	S7	and	S8).	In	addition,	another	study	(Laine,	
Atema,	et	al.,	2019;	V.	N.	Laine,	I.	Verhagen,	A.	C.	Mateman,	A.	Pijl,	
P.	Gienapp,	K.	van	Oers,	&	M.	E.	Visser,	Unpublished)	did	not	find	a	
response	to	selection	in	other	circadian	activity	rhythm	parameters	
(i.e.,	phase	onset	and	phase	shift).

Though	BMR	has	shown	to	be	highly	heritable	in	wild	populations	
of	 blue	 tits	 (Cyanistes caeruleus)	 (Nilsson	 et	 al.,	 2009)	 and	 pied	 fly-
catchers	(Ficedula hypoleuca)	(Bushuev,	Husby,	Sternberg,	&	Grinkov,	
2012),	 no	 significant	 heritability	 was	 found	 in	 our	 selection	 lines	
(h2	=	0.08	±	0.08).	This	minimizes,	if	not	prevents,	a	response	of	BMR	to	
genomic	selection	and	not	finding	a	correlated	response	in	this	study	
is	therefore	not	surprising.	In	addition,	in	a	study	in	great	tits,	winter	
to	breeding	season	 repeatability	of	BMR	was	shown	to	be	close	 to	
zero,	suggesting	that	winter	and	spring	BMR	are	two	unrelated	traits	
(Bouwhuis,	 Sheldon,	 &	 Verhulst,	 2011).	 Therefore,	 autumn/winter	
BMR,	the	time	that	we	measured	BMR,	might	not	be	affected	when	
selecting	for	timing	of	breeding	and	could	make	a	possible	correlation	
with	laying	date	impossible.	This	could	also	be	the	reason	for	tau	not	
to	correlate	with	laying	date,	despite	being	highly	heritable,	as	tau	was	
measured	in	the	autumn/winter	as	well.	Unfortunately,	studies	inves-
tigating	 the	 influence	of	 season	on	 tau	are	 scarce	and	 their	 results	
inconclusive	(Daan	&	Aschoff,	1975;	Gwinner,	1975).	Repeated	mea-
sures	of	both	tau	and	BMR	throughout	the	year	are	necessary	to	get	
insight	into	possible	seasonal	fluctuations	in	these	traits.

4.4 | Outlook

For	 micro-evolution	 in	 timing	 of	 breeding	 to	 occur,	 sufficient	 ge-
netic	variation	in	the	physiological	mechanisms	underlying	the	date	
of	egg-laying	is	a	prerequisite,	but	it	is	currently	unknown	where	in	
these	physiological	mechanisms	genetic	variation	can	be	 found.	At	
present,	 a	 “black	 box”	 exists	 between	 the	 genetic	 and	 phenotypic	
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levels	of	this	key	life-history	trait,	in	which	a	cascade	of	(epi)genetic	
and	 physiological	 processes	 determines	 the	 phenotype	 expressed.	
In	our	selection	lines,	timing	of	breeding	clearly	responded	to	bi-di-
rectional	genomic	selection.	We	found	genomic	and	phenotypic	re-
sponses	 in	 laying	date	and	 thus	with	 these	selection	 lines	we	now	
have	a	powerful	tool	to	study	the	physiological	mechanisms	underly-
ing	timing	of	breeding.	Future	work	using	birds	from	these	selection	
lines	will	therefore	involve	the	physiology	(incl.	endocrinology),	ge-
netics	(RNAseq,	qPCR)	and	epigenetics	(DNA	methylation)	of	timing	
of	breeding.	Exploring	these	should	allow	us	to	pinpoint	in	which	part	
of	the	physiological	cascade	determining	timing	of	breeding	genetic	
variation	exists	and	the	amount	of	this	genetic	variation.	Linking	this	
information	with	(predicted)	climate	change	should	increase	our	un-
derstanding	of	how	the	evolutionary	response	to	selection	on	sea-
sonal	timing,	due	to	global	climate	change	(Gienapp,	Reed,	&	Visser,	
2014),	may	be	constrained	by	lacking	or	low	genetic	variation	in	cru-
cial	parts	of	the	mechanism	underlying	timing	of	breeding.
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