
Ecology and Evolution. 2022;12:e8812.	 		 	 | 1 of 11
https://doi.org/10.1002/ece3.8812

www.ecolevol.org

Received:	22	November	2021  | Revised:	20	March	2022  | Accepted:	22	March	2022
DOI: 10.1002/ece3.8812  

R E S E A R C H  A R T I C L E

Does egg carotenoid improve larval quality in Arctic charr 
(Salvelinus alpinus)?

Torvald Blikra Egeland1,2  |   Einar Skarstad Egeland1 |   Jarle Tryti Nordeide1

This	is	an	open	access	article	under	the	terms	of	the	Creative	Commons	Attribution	License,	which	permits	use,	distribution	and	reproduction	in	any	medium,	
provided	the	original	work	is	properly	cited.
©	2022	The	Authors.	Ecology and Evolution	published	by	John	Wiley	&	Sons	Ltd.

1Faculty	of	Biosciences	and	Aquaculture,	
Nord	University,	Bodø,	Norway
2Faculty	of	Education	and	Arts,	Nord	
University,	Bodø,	Norway

Correspondence
Jarle	Tryti	Nordeide,	Faculty	of	
Biosciences	and	Aquaculture,	Nord	
University,	Bodø,	Norway.
Email:	jarle.t.nordeide@nord.no

Funding information
Nord	universitet

Abstract
Females	 in	mutually	 ornamented	 species	 are	often	 less	 conspicuously	 ornamented	
than	their	male	conspecifics.	It	has	been	hypothesized	that	offspring	quality	may	de-
crease	if	females	invest	more	resources	into	ornaments	at	the	expense	of	resources	in	
eggs.	An	experiment	was	carried	out	to	test	whether	natural	variation	in	carotenoid	in	
the	eggs	from	a	wild	population	of	Arctic	charr	(Salvelinus alpinus)	was	associated	with	
survival	and	growth	of	their	offspring	until	hatching.	Wild	Arctic	charr	were	caught	at	
a	spawning	ground	during	the	spawning	period.	Eggs	from	two	different	females,	one	
female	with	yellowish	carotenoid-	rich	eggs	and	one	with	paler	eggs,	were	fertilized	
by	sperm	from	the	same	male.	This	was	repeated	until	gametes	were	collected	from	
42	females	and	21	males,	giving	a	total	of	21	groups.	After	fertilization,	the	zygotes	
from	each	of	the	two	females	were	reared	in	four	replicated	groups.	These	168	groups	
were	reared	separately	until	hatching	when	the	surviving	 larvae	were	counted	and	
their	body	length	measured.	For	the	two	response	variables	survival	and	body	length	
at	hatching,	no	effect	was	demonstrated	of	any	of	 the	predictors	 (i)	amount	of	ca-
rotenoid	 in	 the	unfertilized	eggs,	 (ii)	 the	mothers'	 body	 condition,	 or	 (iii)	 ornament	
intensity	of	their	red	carotenoid-	based	abdominal	ornament.	Thus,	this	study	gives	no	
support	for	the	hypothesis	that	females	investing	less	carotenoid	into	their	eggs	suf-
fer	from	decreased	offspring	quality	until	hatching.	This	lack	of	association	between	
female	ornament	 intensity	and	their	fitness	 is	not	as	expected	if	female	ornaments	
evolved	due	to	direct	sexual	selection	from	males	on	the	more	ornamented	females	
(“direct	selection	hypothesis”).
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1  |  INTRODUC TION

Females	of	species	with	conventional	sex	roles	are	often	ornamented	
although	usually	less	elaborately	compared	to	their	male	conspecif-
ics	 (Darwin,	1871).	Several	hypotheses	have	been	proposed	to	ex-
plain	this	difference	between	the	sexes.	Females	spend	more	time	
and	energy	on	gamete	production,	gestation,	and	parental	care.	This	
leads	 to	 an	 operational	 sex	 ratio	 skewed	 towards	 males,	 females	
choosing	 among	 different	 mates	more	 than	males	 do,	 and	 higher	
variation	 in	 reproduction	 success	 between	 males	 than	 between	
females.	Males	more	 than	 females	will	 have	 to	 signal	 their	quality	
through	conspicuous	signals	to	be	chosen	as	a	mate	(Clutton-	Brock	
&	Vincent,	1991;	Emlen	&	Oring,	1977).	Conspicuously	ornamented	
females	may	have	higher	 survival	 cost	 in	 some	 species	where	 the	
sexes	differ	in	parental	care	(Darwin,	1871;	Heinsohn	et	al.,	2005).	
An	alternative	hypothesis	assumes	condition-	dependent	ornaments	
and	 suggests	 that	 females	 allocating	 resources	 into	ornaments	do	
this	at	the	cost	of	resources	invested	in	eggs	or	offspring	(Fitzpatrick	
et	al.,	1995;	Lande,	1980).	Males	choosing	to	fertilize	eggs	from	such	
ornamented	females	do	so	at	a	fecundity	cost	which	will	constrain	
further	exaggeration	of	female	ornament	evolution.	However,	it	may	
still	benefit	males	to	choose	such	ornamented	females	if	(i)	the	cost	
of	ornaments	is	lower	for	high	compared	to	low	quality	females,	or	
(ii)	 the	 sexually	 attractiveness	of	 the	offspring	of	 the	ornamented	
mother	 more	 than	 outweighs	 her	 fecundity	 cost	 (Grafen,	 1990;	
LeBas,	2006;	Simmons	&	Emlen,	2008;	Watson	&	Simmons,	2010;	
Zahavi,	1975).

Female	ornaments—	either	female-	specific	or	mutual	ornaments—	
may	have	evolved	as	a	result	of	direct	selection	from	males	on	more	
ornamented	 females	 (reviewed	 by	 Amundsen,	 2000).	 This	 “direct	
selection	hypothesis”	predicts	males	to	prefer	ornamented	females,	
as	well	as	a	positive	relationship	between	female	ornaments	and	fit-
ness.	The	“genetic	correlation	hypothesis”	suggests	that	female	or-
naments	in	mutually	ornamented	species	are	due	to	a	non-	adaptive	
genetic	 correlation	 arising	 as	 a	 consequence	 of	 sexual	 selection	
on	males	 and	 sharing	of	most	genes	by	both	 sexes	 (Lande,	1980).	
Predictions	are	that	males	should	court	or	mate	with	drab	females	
or	 not	 have	 a	 preference	 at	 all,	 and	 a	 negative	 or	 no	 association	
between	 female	 ornaments	 and	 offspring	 quality.	 Finally,	 female	
ornaments	 signal	 female	 dominance	 and	 evolved	 through	 female-	
female	 competition	 over	 resources	 according	 to	 the	 “social	 selec-
tion	hypothesis”	 (Heinsohn	et	al.,	2005,	LeBas,	2006;	reviewed	by	
Tobias	et	al.,	2012).	Fourth	and	fifth,	female	ornaments	may	evolve	
simply	 to	 advertise	 readiness	 to	 reproduce,	 or	 as	 warning	 signals	
(aposematism).

Conclusions	in	empirical	studies	on	evolution	of	ornaments	in	fe-
males	of	mutually	ornamented	species	are	ambiguous,	as	reviewed	
by	 Amundsen	 (2000),	 Kraaijeveld	 et	 al.	 (2007),	 Clutton-	Brock	
(2009),	Nordeide	et	al.	(2013),	and	Svensson	and	Wong	(2011).	This	
ambiguity	has	been	suggested	to	be	due	to	between-	species	vari-
ation	 in	ornament-	fecundity	 relationships	deciding	whether	or	not	
male	mate	 choice	 is	 adaptive	 (Watson	&	 Simmons,	 2010).	 Studies	
published	 in	 the	 later	 years	 give	 ambiguous	 conclusions	 as	 well,	

with	some	studies	being	in	accordance	with	(Cantarero	et	al.,	2017;	
Cotton	 et	 al.,	 2015;	 Hernández	 et	 al.,	 2021;	 Lüdtke	 &	 Foerster,	
2018,	2019),	and	others	contrary	to	(Caro	et	al.,	2021,	and	Rigaill	&	
Garcia,	2021)	predictions	from	the	direct	selection	hypothesis.	Some	
studies	give	support	to	the	genetic	correlation	hypothesis	 (Sganga	
&	Greco,	2019),	and	the	social	selection	hypothesis	 (Enbody	et	al.,	
2018,	see	also	Kroken	et	al.,	2021).	A	few	studies	simply	suggest	fe-
male	ornaments	to	signal	readiness	to	reproduce	(e.g.,	Belliure	et	al.,	
2018;	Laplante,	2015).

Carotenoid	 is	 present	 in	 both	 ornaments	 and	 eggs	 in	 several	
fish	species.	The	genetic	correlation	hypothesis	has	received	some	
support	from	research	groups	studying	female	ornaments	and	their	
egg	quality	 in	 fishes.	Of	 the	 four	studies	which	had	quantified	 fe-
male	 carotenoid-	based	 ornamentation	 and	 carotenoid	 content	
of	 their	 eggs	 as	 reviewed	 by	 Nordeide	 et	 al.	 (2013),	 two	 studies	
reported	 a	 negative	 association	 (Nordeide	 et	 al.,	 2006;	 Ramstad	
et	al.,	2010),	two	reported	no	significant	association	(Garner	et	al.,	
2010;	Nordeide	et	al.,	2008),	whereas	no	study	reported	a	positive	
association.	 In	 the	 last	 few	years,	 one	more	 study	 reported	nega-
tive	association	between	the	same	two	parameters	 in	brown	trout	
(Salmo trutta)	 (Wilkins,	Marques	da	Cunha,	et	al.,	2017).	Moreover,	
Janhunen	et	al.	(2011)	found	negative	association	between	the	ex-
pression	of	carotenoid-	based	ornamentation	and	offspring	survival	
in	 female	Arctic	charr	 (Salvelinus alpinus).	 In	addition,	male	stickle-
backs	 (Gasterosteus aculeatus)	 seem	 to	 court	 reddish	 females	 rela-
tively	 less	 (Nordeide,	 2002),	 or	 show	no	 preference	 at	 all	 of	 such	
carotenoid-	based	ornaments	 (Wright	et	al.,	2015).	Neither	do	red-
dish	 throat	 or	 reddish	 pelvic	 spines	 in	 female	 sticklebacks	 seem	
to	 signal	 female-	female	 aggression	 (Yong	 et	 al.,	 2018)	 or	 compet-
itive	 advantage	 (Yong	et	 al.,	 2015).	 Finally,	 the	genetic	 correlation	
hypothesis	 assumes	 a	 common	 genetic	 architecture	 since	 female	
ornamentation	 evolves	 by	 a	 non-	adaptive	 genetic	 correlation	 as	 a	
consequence	of	sexual	selection	on	males.	A	quantitative	trait	anal-
ysis	indeed	revealed	such	a	common	architecture	for	genes	coding	
for	the	reddish	throat	and	pelvic	spines	in	three-	spine	sticklebacks	
(Yong	et	al.,	2016).	All	in	all,	these	studies	give	some	support	for	the	
genetic	correlation	hypothesis	to	explain	the	evolution	of	female	or-
naments	in	some	fish	species.

Carotenoid	plays	important	roles	in	several	branches	of	biology,	
like	physiology,	immunology,	biochemistry,	and	behavioral	ecology.	
Carotenoid	is	considered	beneficial	and	may	increase	immune	func-
tion	and	antioxidant	capacity,	signaling	aggression	and	dominance,	as	
well	as	sexually	selected	conspicuous	ornaments	(Andersson,	1994;	
Blount	 et	 al.,	 2000).	 Animals	 cannot	 synthesize	 carotenoid	 them-
selves	 and	must	 rely	 on	 carotenoid	 from	 their	 diet.	 This,	 but	 also	
the	multiple	roles	of	carotenoid,	have	led	scientists	to	assume	that	
access	to	carotenoid	is	limited	(discussed	by	Monaghan	et	al.,	2009;	
Svensson	&	Wong,	2011),	at	least	in	some	habitats	in	the	wild.	Prior	
to	 the	 reproductive	 season,	 salmonids	 transport	 carotenoid	 from	
the	flesh	to	eggs	and	skin	(Crozier,	1970;	Hatlen	et	al.,	1996;	Steven,	
1949).	This	 transport	 to	 the	eggs	and	 the	high	carotenoid	content	
in	the	eggs,	both	suggest	a	beneficial	role	of	maternally	derived	ca-
rotenoid	also	on	egg	and	larva	development.	This	may	be	especially	
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beneficial	in	species	like	salmonids	with	large	eggs	and	long	devel-
opment	times	(Ahmadi	et	al.,	2006;	Janhunen	et	al.,	2011;	Tyndale	
et	al.,	2008).	The	intense	lipid	metabolism	in	a	O2	rich	environment	
may	rely	on	exogenous	antioxidants	such	as	carotenoid,	especially	
before	the	embryo	has	had	time	to	synthesize	endogenous	antioxi-
dants	themselves.	Thus,	a	strong	selection	pressure	is	expected	on	
females	 to	 invest	carotenoid	 in	 their	eggs	 instead	of	wasting	such	
valuable	 resources	 on	 ornaments.	 Several	 studies	 have	 confirmed	
advantageous	effects	of	 carotenoid	on	egg	and	 larva	quality	 (e.g.,	
Ahmadi	et	al.,	2006;	Bazyar	Lakeh	et	al.,	2010;	Blount	et	al.,	2000;	
Boonyaratpalin	&	Unprasert,	1989;	Christiansen	et	al.,	1995;	Craik,	
1985;	Lehnert	et	al.,	2016,	2018;	Parolini	et	al.,	2018;	Rajasingh	et	al.,	
2007;	Salze	et	al.,	2005;	Tyndale	et	al.,	2008;	Vassallo-	Agius	et	al.,	
2001;	Verakunpiriya	et	al.,	1997;	Watanabe	&	Miki,	1993;	Wilkins,	
Marques	da	Cunha,	et	al.,	2017)	and	several	others.	Yet,	no	consen-
sus	exists,	since	several	other	authors	have	reported	no	or	little	ef-
fect	of	egg	carotenoid	on	offspring	quality	(e.g.,	Ahmadi	et	al.,	2006;	
Christiansen	&	Torrissen,	1997;	Craik	&	Harvey,	1986;	Kolluru	et	al.,	
2006;	Svensson	et	al.,	2006;	Torrissen,	1984;	Tveranger,	1986).	Even	
if	carotenoid	does	have	a	beneficial	role,	this	effect	seems	non-	linear	
with	regard	to	the	carotenoid	concentration.	Craik	(1985)	suggested	
a	critical	 level	for	 improved	effect	on	survival	above	1–	3	μg	carot-
enoid	g−1	eggs.	Contrary,	Tyndale	et	al.	(2008)	suggested	no	bene-
ficial	effect	of	carotenoid	on	survival	below	but	not	above	2	μg g−1 
eggs.	Too	high	carotenoid	concentration	 in	eggs	may	be	disadvan-
tageous	due	 to	 its	 toxic	effects	according	 to	Wu	et	al.	 (2017)	and	
Amengual	et	al.	 (2011),	 and	 the	conspicuously	colored	 (yellow,	or-
ange,	 or	 red)	 eggs	 might	 suffer	 from	 increased	 predation	 as	 well	
(Lehnert	et	al.,	2017).

Arctic	 charr	 is	 a	 salmonid	 where	 both	 sexes	 often	 are	 mutu-
ally	 and	 beautifully	 ornamented	 by	 orange	 to	 reddish	 carotenoid-	
based	 color	 at	 their	 ventral	 and	 lower	 lateral	 parts,	 males	 more	
elaborately	 than	 females.	 Breeding	 specimens	 gather	 annually	 at	
specific	 spawning	 grounds	 (Brattli	 et	 al.,	 2018;	 Figenschou	 et	 al.,	
2004;	Sigurjonsdottir	&	Gunnarsson,	1989).	A	few	large	males	adopt	
a	dominant	strategy	trying	to	defend	females	entering	the	spawn-
ing	ground	from	several	smaller,	subordinate	males	by	aggressively	
chasing	them	away.	Several	dominant	males	seem	to	patrol	different	
parts	of	the	same	spawning	ground	simultaneously,	and	it	is	unclear	
to	which	degree	the	arriving	females	actively	chose	among	the	males	
(Brattli	et	al.,	2018;	Sørum	et	al.,	2011).	A	negative	association	be-
tween	female	Arctic	charr	coloration	and	her	offspring	survivorship	
was	reported	by	Janhunen,	Kekäläinen,	et	al.	(2011),	using	specimens	
kept	in	a	hatchery	and	fed	ad libitum	with	carotenoid-	rich	(astaxan-
thin	content	80	mg	kg−1)	salmonid	food.	In	contrast,	wild	freshwater	
Arctic	charr	from	oligotrophic	lakes	likely	have	lower	access	to	carot-
enoid	in	their	diet	and	may	not	get	sufficient	amounts.	Females	from	
a	wild	 population	 of	Arctic	 charr	 from	 Lake	 Soløyvatnet	 in	North	
Norway,	 exhibit	 a	 large	 variation	 in	 the	 degree	 of	 orange-	reddish	
color	of	their	skin	and	yellowish-	orange	eggs	(Nordeide	et	al.,	2008).	
A	 negative	 trend,	 marginally	 non-	significant,	 has	 previously	 been	
demonstrated	 between	 the	 carotenoid-	based	 coloration	 and	 the	
carotenoid-	content	 of	 their	 eggs	 of	 females	 from	 this	 population	

(Nordeide	et	al.,	2008).	We	designed	an	experiment	to	test	whether	
the	amount	of	carotenoid	in	the	eggs	was	associated	with	quality	of	
the	eggs	from	this	population.	To	test	this,	we	captured	wild	Arctic	
charr	at	a	spawning	ground	during	the	spawning	period,	and	fertil-
ized	eggs	from	pairs	of	females—	one	with	more	yellowish	eggs	and	
another	with	paler	eggs—	with	sperm	from	the	same	male	and	reared	
the	zygotes	until	hatching.	The	carotenoid-	based	ornament	and	the	
amount	of	carotenoid	in	the	eggs	of	the	specimens	represent	natu-
ral	variation	(not	manipulated),	contrary	to	the	study	by	Janhunen,	
Kekäläinen,	et	al.	(2011).	We	predicted	higher	quality	of	carotenoid-	
rich	eggs	 relative	 to	eggs	 containing	 less	 carotenoid,	measured	as	
survival	and	body	length	of	larvae	at	hatching.

2  |  MATERIAL S AND METHODS

2.1  |  Fish sampling and handling

Arctic	charr	were	caught	at	three	different	evenings	during	October	
5–	12,	2015,	which	is	during	the	spawning	period,	from	a	landlocked	
population	 in	 Lake	 Soløyvatnet,	 an	 oligotrophic	 lake	 situated	 at	
67°17′N,	14°25′E	in	Bodø,	Northern	Norway.	The	charr	were	caught	
by	gill	nets	at	a	spawning	ground	and	the	nets	fished	for	2–	3	h	be-
fore	they	were	retrieved	10	p.m.	The	fish	were	stored	alive	in	tanks	
with	frequently	replaced	lake	water	until	further	handling	within	the	
next	2	h.	Handling	of	each	fish	started	with	anesthetizing	each	fish	
with	MS222	and	then	sacrificing	it	with	a	blow	to	its	head.	Each	fish	
was	placed	at	a	standard	position	 in	a	stand	and	their	ventral	part	
was	photographed,	 together	with	 a	 reddish	 cardboard	 for	 calibra-
tion	purposes	using	an	Olympus	OM-	D	E-	M10,	M.	Zuiko	Digital	ED	
60	mm	1:2.8	lens	and	a	Nissin	i40	flashlight.	The	camera	and	flash-
light	were	mounted	on	a	tripod	to	ensure	standard	distances	to	the	
fish.	These	photos	were	later	used	to	quantify	the	intensity-	of-	red	
at	the	fish's	abdomen	(IR-	abdomen)	(see	“Quantifying	color”).	Males	
were	 stripped	 for	 semen	 which	 were	 stored	 in	 Eppendorf	 tubes.	
Females	were	stripped	for	eggs	and	ovarian	fluid	which	were	photo-
graphed	in	a	Petri	dish	by	the	same	camera	and	flashlight	(see	above)	
mounted	on	a	tripod.	These	photos	were	later	used	to	quantify	the	
intensity-	of-	red	of	the	eggs	(IR-	eggs)	(see	“Quantifying	red	and	yel-
low	 color”).	 The	 eggs	were	 then	 stored	 in	 plastic	 containers.	 The	
eggs	and	sperm	were	transported	to	the	hatchery	where	the	eggs	
from	each	female	were	divided	into	two	equal	batches.	One	batch	
was	poured	into	borosilicate	glasses	and	stored	at	−40°C	under	ni-
trogen,	 to	prevent	carotenoid	degradation,	 for	 later	HPLC	analysis	
(see	Carotenoid	 analysis).	 The	 second	batch	 of	 eggs	was	 used	 for	
fertilizations	(see	Fertilization	and	hatchery).

Total	 length	 of	 the	 specimens	 was	 measured	 to	 the	 nearest	
0.1	cm	(24.2	cm	±	2.5,	mean	±	SD),	and	mass	to	the	nearest	0.1	g	
(151.4	g	±	43.4).	The	weight–	length	 relationship	of	 the	specimens	
was	 estimated	 by	 linear	 regression	 from	 the	 equation:	 lnW =	 ln	
a	+	b	lnL,	where	W =	total	body	mass	(g)	after	stripping	for	gametes,	
and	 L	 is	 the	 total	 length	 (cm)	 as	 recommended	 by	 Le	Cren	 (1951)	
and	Froese	 (2006).	 Estimated	values	of	 the	 constants	a	 and	b	 are	
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0.0286	and	2.688,	respectively.	The	relative	condition	factor	(Krel) is 
Krel =	W/(0.0286	*	L

2,688)	was	used	when	comparing	weight–	length	
relationship	between	individual	specimens	(Froese,	2006);	Le	Cren,	
1951.

2.2  |  Quantifying red and yellow color

Three	 different	 methods	 were	 used	 to	 quantify	 red	 or	 yellow-
ish	 coloration	 of	 the	 females	 and	 eggs.	 First,	we	 lined	 up	 next	 to	
each	 other	 the	 glass-	beakers	 containing	 eggs	 from	 the	 females,	
and	ranked	them	stronger	yellowish	to	pale	based	on	our	(TBE	and	
JTN)	perceptions.	This	method	is	hereafter	termed	“color-	by-	vision.”	
Second,	 “Intensity-	of-	red”	 (IR)	was	obtained	 from	digital	 photos	of	
(i)	 the	eggs	 (IR-	eggs)	 (see	 “Fertilizations	 and	hatchery”)	 and	 (ii)	 the	
specimens'	 abdomen	 (IR-	abdomen)	 (see	 “Fish	 sampling	 and	 han-
dling”	and	Appendices	S1	and	S2).	Each	of	 ten	eggs	 from	each	fe-
male	were	picked	at	random	from	the	photos	and	analyzed	by	Adobe	
Photoshop	Elements	13.	For	each	egg,	the	value	for	red,	blue,	and	
green	were	noted	from	the	pixels	enclosed	by	drawing	a	circle	inside	
and	close	to	the	edge	of	the	egg,	after	removing	reflexes	from	the	
flashlight.	The	IR-	value	was	estimated	(see	below)	and	the	mean	IR- 
eggs	was	calculated	for	each	female.	Moreover,	a	standardized	part	
of	 the	 abdomen	 of	 each	 specimens	was	 enclosed	 for	 each	 speci-
men	according	to	Skarstein	and	Folstad	(1996),	and	IR-	abdomen	was	
calculated	for	each	fish	(see	below).	The	same	procedure	was	used	
to	 quantify	 red,	 green	 and	 blue	 from	 a	 standardized	 cardboard	 in	
order	to	adjust	for	potential	between-	photos-	variation	in	exposure	
in	both	eggs	and	abdomen.	The	Intensity-	of-	red	(IR)	was	calculated	
as	 IR =	 red/(red	+	 green	+	 blue)	 (see	Neff	 et	 al.,	 2008;	Nordeide	
et	al.,	2006,	2008;	Skarstein	&	Folstad,	1996;	Villafuerte	&	Negro,	
1998;	Yong	et	 al.,	 2013).	Third,	mass	of	different	 carotenoids	was	
quantified	by	HPLC	(see	“Carotenoid	analysis”)	and	hereafter	termed	
“carotenoid-	by-	HPLC”.	We	used	all	three	methods	to	quantify	color	
(or	carotenoid)	of	the	eggs	to	check	the	correlations	between	them	
(see	 results	 and	 Appendices).”Color-	by-	vision”	 was	 only	 used	 to	
select	 the	eggs	 from	pairs	of	 females	 for	 fertilization	and	 is	 not	 a	
quantitative	measure.	Color-	by-	vision	is	therefore	not	included	as	a	
predictor	in	the	statistical	models.

2.3  |  Fertilizations and hatchery

Artificial	fertilization	was	carried	out	at	the	 lab	at	Nord	University	
within	4	h	after	stripping	of	the	gametes.	The	eggs	from	the	different	
females	were	 ranked	 relatively	 to	 each	 other	 based	 on	 the	 inten-
sity	of	 their	 yellowish	 color	when	 the	eggs	were	 still	 in	 the	glass-	
beakers	(not	from	the	photos	in	Appendix	S1,	see	“color-	by-	vision”	
in	“Quantifying	red	and	yellow	color”),	and	relatively	stronger	“yel-
lowish”	eggs	from	one	female	were	paired	with	“pale”	(appearing	less	
yellowish)	eggs	 from	another	 female.	Retrospect	 analyses	 showed	
a	significant	difference	in	the	intensity-	of-	red	color	of	the	eggs	(IR- 
eggs)	between	 the	 two	categories	of	 stronger	yellowish	and	paler	

eggs	(paired	t-	test,	t20 =	−5.11,	p <	.0001,	Appendix	S3).	Measured	
as	“carotenoid-	by-	HPLC”	(see	Carotenoid	analysis),	the	mean	of	the	
pale	batch	of	eggs	(“color-	by-	vision”)	 in	each	pair	of	eggs	was	rela-
tively	low	compared	to	the	mean	of	the	stronger	yellowish	batch	of	
eggs	 in	each	pair.	The	difference	between	 the	groups	was	slightly	
non-	significant	(paired	t-	test,	t20 =	−1.99,	p =	.06,	Appendix	S4).

The	batch	of	eggs	aimed	for	the	fertilization	experiment	(as	op-
posed	to	the	batch	aimed	for	HPLC	analysis)	from	each	of	the	two	
paired	females	was	divided	into	four	replicated	groups.	This	resulted	
in	four	replicated	groups	of	stronger	yellowish	eggs	and	four	of	paler	
eggs	from	each	pair	of	females.	The	eggs	surrounded	by	the	ovarian	
fluid	 in	each	of	 these	eight	groups	were	 fertilized	under	water	by	
sperm	from	one	randomly	chosen	male.	Thus,	 the	gametes	of	two	
females	and	one	male	gave	four	replicates	of	yellowish	zygotes	and	
four	 replicates	 of	 paler	 zygotes,	 and	 all	 eight	 batches	were	 fertil-
ized	by	sperm	from	one	particular	male	in	this	four	replicates	split-	
brood	design.	This	procedure	was	repeated	until	the	gametes	from	
42	 females	and	21	males	were	 fertilized,	giving	a	paternal	half-	sib	
designed	 experiment	 with	 a	 total	 of	 168	 fertilizations	 and	 hence	
168	groups	of	zygotes.	Each	of	the	168	groups	of	zygotes	was	trans-
ferred	to	a	separate	plastic	cup	and	reared	separately.	The	location	
of	each	cup	relative	to	the	other	cups	was	randomized.	The	cups	had	
a	bottom	made	of	nylon	mesh	allowing	water	to	flow	between	the	
eggs	and	out	through	the	bottom	of	the	cup	(see	details	in	Egeland	
et	al.,	2015).	The	mean	(±SD)	number	of	eggs	in	each	cup	was	51.7	
(±23.98).	Each	cup	was	monitored	visually	every	day	and	hatched	
alevins	were	removed,	anesthetized	and	sacrificed	by	an	overdose	
MS222,	 and	 photographed	 with	 a	 measuring	 tape	 for	 calibration	
purposes,	by	a	Canon	PowerShot	G9	digital	 camera	with	a	Canon	
580EX	 II	 flash	 in	a	dark	box.	Length	of	 the	 larvae	were	measured	
from	 photos.	 Mean	 hatching	 success	 was	 54.6%	 (2,931	 of	 5,369	
eggs).	Unfertilized,	infected	and	dead	eggs,	dead	eyelings,	and	dead	
alevins	were	counted	and	removed	once	a	week	to	prevent	fungus	
growth	(see	Appendix	S5).

2.4  |  Carotenoid analysis

The	carotenoid-	by-	HPLC	was	analyzed	by	high-	pressure	liquid	chro-
matography	(HPLC)	using	a	similar	approach	as	in	Hooker	et	al.	(2012,	
chapter	4).	The	carotenoid	in	the	eggs	of	each	female	were	extracted	
using	acetone	in	a	three-	step	procedure	(3	×	50	ml)	for	a	minimum	
of	72	h	in	a	refrigerator	(+2°C)	under	nitrogen,	followed	by	evapora-
tion	of	the	extracts	to	dryness	to	prevent	carotenoid	degradation,	
and	redissolved.	Before	HPLC	analysis	the	extract	was	filtered	and	
pipetted	 into	a	2	ml	HPLC	vial,	 flushed	with	nitrogen	and	capped.	
The	HPLC	analyses	were	performed	on	an	Agilent	1200	HPLC	 in-
strument	with	 diode	 array	 detector,	 thermostat	 autosampler	with	
enlarged	injection	loop,	vacuum	degasser,	thermostat	column	com-
partment,	 and	 quaternary	 pump.	 Two	 identical	 C18	 columns	were	
used	(ACE	5	C18	part	no.	ACE-	121-	2546)	and	kept	at	a	stable	temper-
ature	of	25°C.	A	gradient	system	as	 followed,	continuously	added	
0.1%	hexane;	0	min:	1:4	1	M	ammonium	acetate:	methanol;	60	min:	
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7:	 3	 methanol:acetone;	 100	 min:	 3:5:2	 methanol:acetone:hexane;	
110	min:	2:3	acetone:hexane;	120	min:	methanol;	130	min	1:4	1	M	
ammonium	acetate:	methanol,	was	used	as	eluant.	The	injection	vol-
ume	was	set	at	50	μl	with	detection	wavelength	at	380,	420,	450,	
and	480	nm.	For	the	calibration,	standards	 (lutein,	zeaxanthin,	an-
theraxanthin,	adonixanthin,	idoxanthin,	astaxanthin,	adonirubin,	and	
canthaxanthin)	were	each	dissolved	in	a	pure	solvent	of	known	vol-
ume.	The	spectrum	was	recorded	using	a	common	spectrophotome-
ter,	and	the	standard	solution	was	injected	into	the	HPLC	instrument	
in	a	1:1,	1:5,	1:25,	and	1:125,	mixture	with	the	appropriate	solvent	
(Mercadante	et	al.,	2004),	the	injection	volume	was	50	µl	for	all	mix-
tures.	A	linear	calibration	line	was	made	using	the	HPLC	software.	
The	 egg	 samples	were	 analyzed	 in	 random	 order	 and	 spectra	 for	
each	pigment	peak	were	checked	manually,	to	ensure	that	no	incor-
rect	identities	were	reported.	Both	spectral	shape	and	wavelength	
were	checked	to	detect	any	impurities	and	the	peak	borderlines	and	
baseline	were	 checked	 to	ensure	 a	precise	 calculation	of	 the	 area	
of	 each	 peak.	We	 decided	 to	 use	 the	 total	 amount	 of	 carotenoid	
(carotenoid-	by-	HPLC)	as	a	predictor,	with	ng/egg	as	unit	of	measure,	
in	our	models	(Figure	1).

2.5  |  Statistics

All	 statistical	 analyses	 were	 performed	 using	 R	 version	 3.6.1	 (R	
Core	Team,	2019).	Linear	 regression	models	were	used	 to	 test	 for	
significant	 relationships	 between	 total	 amount	 of	 carotenoid-	by-	
HPLC	analysis	of	the	eggs	on	one	hand,	and	each	of	the	parameters	
intensity-	of-	red	of	the	eggs	(IR-	eggs),	intensity	of	red	of	the	abdomen	
(IR-	abdomen)	and	condition-	factor	(Krel)	on	the	other	hand.	We	fitted	
a	mixed-	effect	model	using	the	glmer	function	in	the	lme4	package	
(Bates	et	al.,	2014),	to	test	if	the	response	variable	“hatching	success”	
was	affected	by	different	predictors.	The	response	variable	hatching	
success	(i.e.,	proportion	of	survivors	from	each	of	the	four	replicates)	

was	entered	as	a	proportion	with	the	cbind	function	(see	Crawley,	
2012,	p.	628	for	further	details)	and	as	a	consequence	we	ran	the	
model	with	a	binomial	distribution.	The	predictors	were	(i)	amount	
of	carotenoid	in	the	eggs	(carotenoid-	by-	HPLC,	ng	carotenoid/egg,	
see	 “Quantifying	 red	and	yellow	color”),	 (ii)	 intensity-	of-	red	of	 the	
eggs	(IR-	eggs),	(iii)	intensity-	of-	red	of	the	abdomen	(IR-	abdomen),	and	
(iv)	condition	factor	 (Krel).	Female-	ID	and	male-	ID	were	entered	as	
random	 factors	 (female-	ID	 within	 male-	id).	 By	 using	 the	 function	
dredge	in	the	MuMIn	package	(Barton,	2022)	with	a	complete	model	
set	(including	all	the	above-	mentioned	predictors	and	their	interac-
tions)	we	compared	and	ranked	all	possible	models	based	on	the	cor-
rected	Akaike	 Information	Criterion	 (AICc)	 (Burnham	&	Anderson,	
2002).	 In	other	words,	 the	model	 selection	aimed	 to	 compare	 the	
quality	 of	 the	models	 with	 the	 trade-	off	 between	 parsimony	 and	
goodness-	of-	fit	criteria	based	on	an	information	theoretic	approach	
(Fisher	et	al.,	2018).	Only	models	with	delta	≤2,	which	show	“sub-
stantial	evidence	for	the	models”	(Burnham	&	Anderson,	2002),	are	
presented	(see	Appendices	S6	and	S7	for	models	with	delta	>2). The 
lmer	function	in	lme4	package	(Bates	et	al.,	2014)	was	used	to	test	if	
the	response	variable	“length	of	the	larvae	at	hatching”	was	affected	
by	the	same	combination	of	predictors	and	with	the	same	approach	
for	model	selection	described	above.

Prior	to	model	selection,	the	data	were	explored	following	Zuur	
et	al.	(2010)	to	check	for	normality,	collinearity,	heteroscedasticity,	
and	outliers	in	the	data.	To	avoid	problems	with	collinearity	the	vari-
ance	 inflation	 factor	 (VIF)	was	 calculated	 in	models	 that	 included	
both	total	amount	of	carotenoid-	by-	HPLC	and	IR-	eggs.	None	of	the	
models	had	VIF	above	2	and	model	6	 (see	Table	1)	had	VIF	= 1.4 
(Zuur	et	al.,	2010).	The	abdomen	of	one	of	the	42	females	(see	above)	
in	a	pair	of	females	was,	by	a	mistake,	not	photographed.	Thus,	both	
females	 in	 this	 trial	 were	 excluded	 from	 the	 analyses	 where	 the	
parameter	«Intensity	of	abdomen	 IR»	was	included	(N =	40	for	this	
parameter).	The	number	of	females	with	larvae	alive	at	the	time	of	
termination	of	the	experiment	was	30	(12	females	left	no	surviving	

F I G U R E  1 Box-	whiskers	plot	showing	mass	of	carotenoid	at	different	wavelengths	(nm)	quantified	by	HPLC.	The	numbers	are	averaged	
per	egg	and	per	female	for	all	42	females.	Carotenoid	at	wavelengths	around	440,	450,	465,	and	475	nm	are	tunaxanthin,	zeaxantin,	
adonixantin/idoxantin,	and	astaxanthin/adonirubin/cantaxanthin,	respectively.	Carotenoids	with	wavelengths	<440	nm	are	degraded	
carotenoid,	whereas	those	>440	nm	are	non-	degraded	carotenoid.	Carotenoids	>400	nm	look	yellowish	to	red	to	the	human	eye
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offspring	at	the	time	of	hatching).	Thus,	N =	30	for	the	parameter	
“length	of	the	larvae	at	hatching.”	All	figures	were	produced	with	the	
ggplot2	package	(version	3.3.4,	Wickham,	2016).

This	study	was	carried	out	in	accordance	with	ethical	guidelines	
stated	by	the	Norwegian	Ministry	of	Agriculture	and	Food	through	
the	Animal	Welfare	Act,	which	does	not	require	specific	approvals	
for	this	type	of	investigation.

3  |  RESULTS

The	mass	of	the	carotenoid	in	the	eggs	of	the	42	Arctic	charr	females	
quantified	by	HPLC	was	totally	dominated	by	carotenoid	with	zeax-
anthin	spectrum,	both	free	and	esterified	(Figure	1).	The	remaining	
carotenoid	was	minor	amounts	of	degraded	carotenoid	with	a	wave-
length	<440	 nm,	 and	 small	 amounts	 of	 non-	degraded	 carotenoid	
>440	 nm	with	 spectra	 like	 tunaxanthin,	 adonixanthin,	 idoxanthin,	
adonirubin,	and	astaxanthin	 (Figure	1,	Appendix	S8).	After	pooling	

all	the	different	carotenoids,	the	mean	(±SE)	carotenoid	content	(in-
cluding	 degraded	 carotenoid)	 in	 the	 eggs	 of	 our	 study	 population	
was	3.4	(±0.13,	range	1.5–	4.8)	μg g−1	egg	wet	weight	(n =	38)	and	
mean	 (±SE)	 carotenoid	 content	 per	 egg	 was	 160.4	 (±6.32,	 range	
90.7–	251.2)	ng	egg−1	(n = 42).

As	expected,	eggs	with	a	high	mass	of	carotenoid	 (carotenoid-	
by-	HPLC)	had	a	stronger	yellowish	color	 (IR-	eggs)	than	eggs	 low	in	
carotenoid	 (R2 =	 .28,	 p <	 .0003,	 Figure	 2).	 A	 significant	 negative	
relationship	was	found	between	the	females'	condition-	factor	(Krel) 
and	the	total	mass	of	carotenoid	in	the	eggs	(carotenoid-	by-	HPLC)	
(R2 =	.20,	p =	.003,	Figure	3).

Intensity-	of-	red	color	at	the	females'	abdomen	(IR- abdomen)	was	
not	associated	with	(i)	carotenoid-	by-	HPLC	in	their	eggs	(R2 =	.004,	
p =	 .71,	 Appendix	 S9),	 (ii)	 intensity-	of-	red	 in	 their	 eggs	 (IR- eggs) 
(R2 =	.002,	p =	.81,	Appendix	S10)	nor	with	(iii)	condition-	factor	(Krel) 
(R2 =	.025,	p =	.32,	Appendix	S11).	The	association	between	the	fe-
males'	condition-	factor	(Krel)	and	intensity	of	yellowish	color	of	the	
eggs	(intensity-	of-	red,	IR-	eggs)	was	not	significant	(R

2 =	.004,	p =	.70,	
Appendix	S12).

TA B L E  1 Test	statistics	from	generalized	linear	mixed	models	with	egg	hatching	success	as	the	response	variable

Model

Intercept Krel IR- eggs
Carotenoid- by- 
HPLC

df logLik AICc Delta Weightβ p β p β p β p

1 −2.15 .0017 3 −453.873 913.9 0.00 0.186

2 −16.53 .110 29.63 .164 4 −452.935 914.1 0.23 0.167

3 −4.68 .0244 0.01 .1945 4 −453.069 914.4 0.50 0.146

4 3.44 .587 −5.60 .376 4 −453.501 915.3 1.36 0.095

5 −10.95 .397 −4.60 .472 27.60 .203 5 −452.690 915.8 1.87 0.073

6 −13.62 .220 20.52 .413 0.01 .516 5 −452.744 915.9 1.98 0.070

Note: The	six	different	models	shown	differ	in	the	combinations	of	the	predictors	(i)	condition	factor	(Krel),	(ii)	intensity-	of-	red	eggs	(IR-	eggs),	and	(iii)	
the	amount	of	carotenoid	in	eggs	(carotenoid-	by-	HPLC).	The	table	shows	the	models	with	delta	Akaike's	information	criteria	(AICc)	≤2.	β	represents	
the	estimate	and	p the p-	value.	IR-	abdomen	was	not	included	as	predictor	in	any	of	the	models	with	delta	AICc	≤2	and	is	therefore	not	included	in	the	
table.	See	Appendices	S13-	S18	for	full	model	summaries	of	the	six	models.

F I G U R E  2 Scatter-	plot	showing	total	mass	of	carotenoid	
in	eggs	(ng/egg)	and	degree	of	red	(or	yellowish)	color	in	the	
eggs	(IR	–		eggs).	The	line	represents	the	linear	regression	line	
(y =	−230	+	807x)
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F I G U R E  3 Scatter-	plot	showing	total	mass	of	carotenoid	in	eggs	
(ng/egg)	and	the	condition	factor	(Krel)	of	female	Arctic	charrs.	The	
line	represents	the	linear	regression	line	(y =	382	−	222x)
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Tables	 1	 and	 2	 show	 test	 statistics	 from	 the	 combinations	 of	
predictors	 in	 the	models	 to	 best	 explain	 the	 variation	 in	 each	 of	
the	two	response	variables	(i)	hatching	success	of	the	eggs	and	(ii)	
length	of	 larvae	at	hatching,	 respectively.	The	models	 included	 in	
each	of	the	two	tables	are	those	with	the	lowest	AICc	and	a	delta	
AICc	≤2	(see	Appendices	S6	and	S7	for	models	with	delta	>2).	None	
of	 the	 models	 with	 different	 combinations	 of	 predictors	 of	 the	
eggs	 [carotenoid-	by-	HPLC,	 intensity-	of-	red	 eggs	 (IR-	eggs)],	 or	 the	
two	other	predictors	of	the	female	[intensity-	of-	red	at	the	females'	
abdomen	(IR-	abdomen)],	or	condition	factor	(Krel),	had	a	significant	
explanatory	effect	on	the	variance	in	any	of	the	two	response	vari-
ables	(see	Figures	4	and	5).

4  |  DISCUSSION

None	of	the	predictors	(i)	mass	of	carotenoid	in	the	eggs,	(ii)	colora-
tion	of	the	eggs,	(iii)	color	of	the	females'	abdomen,	or	(iv)	condition	
factor,	had	a	significant	explanatory	effect	on	 the	variation	of	 the	
two	 response	 variables	 “hatching	 success”	 or	 “length	 of	 larvae	 at	
hatching”	in	this	experiment.	Thus,	our	results	demonstrated	no	ef-
fect	of	natural	variation	in	carotenoid	in	unfertilized	eggs	on	fitness	
parameters	from	fertilization	to	hatching	in	this	population	of	wild	
Arctic	charr.

Results	from	previous	studies	on	this	topic	are	mixed	as	outlined	
in	the	Introduction.	For	example,	Wilkins	et	al.	 (2017)	reported	no	
effect	on	embryo	mortality	or	hatching	time	by	carotenoid	content	
in	unfertilized	eggs	of	wild	brown	trout	(Salmo trutta),	which	is	similar	
to	 the	 result	 of	 the	present	 study.	Yet,	 after	 exposing	 the	 experi-
mental	groups	of	eggs	to	stress	treatment,	a	positive	effect	of	egg-	
carotenoid	on	embryo	survival	was	reported	from	the	same	study	
(Wilkins,	da	Cunha,	et	al.,	2017)	and	two	other	studies	on	Salmonidae	
(Tyndale	et	al.,	2008;	Wilkins,	Marques	da	Cunha,	et	al.,	2017).	Fifty-	
five	percent	of	the	offspring	survived	until	hatching	in	the	present	
study.	This	is	relatively	high	compared	to	the	34%	survival	estimate	to	
the	eye	pigmentation	stage	of	Arctic	charr	by	Janhunen,	Kekäläinen,	
et	al.	(2011),	and	the	40%	survival	of	developing	embryos	from	cul-
tivated	Arctic	charr	parents	(Janhunen,	Peuhkuri,	et	al.,	2011).	This	
suggests	that	the	fertilized	eggs	and	larvae	in	the	present	study	have	
not	been	exposed	to	very	high	stress	levels.	Both	concentration	and	
composition	of	 carotenoid	 in	 the	 egg	 have	 the	 potential	 to	 effect	
embryo	development.	The	mean	concentration	of	carotenoid	in	the	
Arctic	charr	eggs	 in	 the	present	study,	3.4	μg g−1	egg,	 is	at	a	 level	

suggested	to	improve	offspring	survival	in	salmonid	fishes	by	Craik	
(1985)	and	Tyndale	et	al.	(2008).

Astaxanthin,	zeaxanthin,	and	lutein	(720,	848	and	178	nM	egg−1,	
respectively)	dominated	in	the	study	by	Wilkins,	Marques	da	Cunha,	
et	 al.	 (2017),	whereas	 the	 dominating	 carotenoid	was	 astaxanthin	
in,	 for	example,	 the	study	by	Tyndale	et	al.	 (2008).	As	astaxanthin	
is	considered	10	times	as	potent	antioxidant	compared	to	zeaxan-
thin	 (Ambati	et	al.,	2014;	Yuan	et	al.,	2011),	 the	dominance	of	 the	
relatively	low	potent	zeaxanthin	and	low	levels	of	astaxanthin	in	the	
present	 study	might	 have	 contributed	 to	 the	 lack	of	 effect	 of	 the	
carotenoid	on	the	fish	larvae's	survival.	Thus,	this	suggests	that	the	
effect	of	egg-	carotenoid	on	offspring	quality	 in	 the	present	 study	
might	have	been	different	if	the	eggs	were	exposed	to	more	stress,	
or	if	the	natural	carotenoid	in	the	eggs	contained	a	higher	percent-
age	 of	 astaxanthins	 or	 other	 potent	 antioxidants,	 for	 example,	 by	
feeding	the	female	parents	ad libitum	potent	carotenoid	before	the	
experiment	 like	 in	 the	 studies	 Janhunen,	Kekäläinen,	 et	 al.	 (2011).	
However,	as	this	study	examined	naturally	occurring	egg	carotenoid,	
feeding	 the	parents	with	carotenoid	would	be	 in	conflict	with	 the	
aim	of	the	study.

No	association	was	revealed	between	the	intensity	of	red	color	
of	the	females'	carotenoid-	based	abdomen	and	mass	of	carotenoid	in	
the	eggs	in	the	present	study.	This	is	in	contrast	to	several	previous	
studies	reporting	a	negative	association	between	the	two	parame-
ters	in	three-	spined	sticklebacks	(Gasterosteus aculeatus)	(Nordeide	
et	al.,	2006),	sockeye	salmon	(Oncorhynchus nerka)	 (Ramstad	et	al.,	
2010),	 and	brown	 trout	 (Wilkins,	Marques	da	Cunha,	 et	 al.,	 2017)	
(see	Introduction).	This	lack	of	negative	association	is	also	to	some	
degree	 in	 contrast	 to	 negative	 association	 between	 intensity	 of	
carotenoid-	based	 ornamentation	 and	 offspring	 survivorship	 in	 fe-
male	 Arctic	 charr	 (Janhunen,	 Kekäläinen,	 et	 al.,	 2011).	 However,	
these	 two	 studies	 did	 not	 report	 any	 quantification	 of	 carotenoid	
or	coloration	of	the	charr	eggs.	Thus,	it	is	uncertain	if	the	eggs	with	
poor	survival	from	females	with	red	carotenoid-	based	ornamented	
abdomens,	were	also	paler	and	lower	in	carotenoid,	and	vice	versa.	
A	previous	 study	 from	 the	 same	Arctic	 charr	 population	 as	 in	 the	
present	study	reported	a	slightly	nonsignificant	negative	association	
between	 conspicuousness	 of	 the	 carotenoid-	based	 female	 orna-
ment	intensity	and	their	eggs	(Nordeide	et	al.,	2008).	We	can	only	
speculate	 about	 reasons	 for	 this	 apparent	 inconsistency	 between	
the	two	studies	from	the	same	population.	Examples	of	such	spec-
ulations	 are	 slightly	 later	 sampling	 (between	 2	 and	 9	 days)	 in	 the	
present	study	compared	 to	 the	 first	 study	 (Nordeide	et	al.,	2008),	

Model

Intercept

df logLik AICc Delta Weightβ p

1 1.54 <.0001 4 224.168 −440.0 0.00 0.469

Note: The	table	shows	the	one	model	with	delta	AICc	≤	2.	β	represents	the	estimate	and	p is 
p-	value.	None	of	the	predictors	(i)	condition	factor	(Krel),	(ii)	the	amount	of	carotenoid	in	eggs	
(carotenoid	by	HPLC),	(iii)	intensity-	of-	red	abdomen	(IR-	abdomen),	and	(iv)	intensity-	of-	red	eggs	
(IR-	eggs)	were	included	in	any	of	the	models	3	with	delta	AICc	≤2,	and	are	therefore	not	included	in	
the	table.	See	Appendix	S19	for	the	full	model	summary.

TA B L E  2 Test	statistics	from	linear	
mixed	models	with	length	of	the	newly	
hatched	larvae	as	the	response	variable
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between-	years	variation	in	onset	of	spawning,	and	gradual	depletion	
of	carotenoid	in	the	eggs	in	later	compared	to	earlier	batches	within	
a	spawning	season.

The	Arctic	charr	eggs	 in	this	study	had	mainly	carotenoid	with	
a	 zeaxanthin-	like	 spectrum,	 in	 opposition	 to	 the	 egg	 carotenoid	
reported	by	Nordeide	et	al.	 (2008),	which	was	 reported	as	mainly	
carotenoid	with	 lutein-	like	 spectrum.	Minor	 amounts	 of	 other	 ca-
rotenoids	were	 present	 in	 both	 studies.	 Due	 to	 this	 difference	 in	
observations	 of	 the	 same	 species	 caught	 from	 the	 same	 lake,	 the	
raw	HPLC	data	from	both	experiments	were	reexamined.	This	reex-
amination	revealed	zeaxanthin	as	the	major	carotenoid	in	the	eggs	
from	both	studies,	compared	to	analyses	of	commercial	standards.	
Thus,	zeaxanthin	was	the	main	carotenoid	also	in	the	Nordeide	et	al.	
(2008)	study.

The	 ovaries	 of	 five	 species	 of	 Salvelinus	 sp.	 (S. alpinus	 not	 in-
cluded)	 contained	 idoxanthin	 as	 the	 major	 carotenoid,	 together	
with β,β-	carotene	tetrol,	zeaxanthin,	 lutein,	and	a	 few	more	 (Ando	

et	al.,	1989).	The	specimens	in	this	experiment	were	fed	feed	sup-
plemented	by	Antarctic	krill.	 In	another	experimental	 study	Arctic	
charr	 were	 fed	 astaxanthin-	supplemented	 feed	 (Bjerkeng	 et	 al.,	
2000).	More	than	half	of	the	eggs'	carotenoid	consisted	of	idoxan-
thin,	together	with	crustaxanthin	(β,β-	carotene-	3,4,3′,4′-	tetrol),	and	
unidentified	 carotenoid	 (Bjerkeng	 et	 al.,	 2000).	 Crustaxanthin	 has	
a	similar	absorption	spectrum	as	zeaxanthin,	but	with	significantly	
higher	polarity	than	zeaxanthin.	The	difference	in	carotenoid	of	the	
eggs/ovaries	between	 the	present	 study	with	wild	 specimens	 and	
those	fed	by	artificial	feed	(Ando	et	al.,	1989;	Bjerkeng	et	al.,	2000)	
may	 be	 due	 to	 differences	 in	 their	 feed	 and	 differences	 between	
Salvelinus	species	and	populations.

The	empirical	support	for	the	evolution	of	female	ornaments	by	
mate	choice	is	ambiguous	and	the	evolution	of	ornaments	in	females	
remains	challenging	to	explain.	If	ornaments	signal	genetic	quality	of	
the	females	(e.g.,	Zahavi,	1975)	or	direct	advantages	of	non-	genetic	
maternal	 resources	 (Blount	 et	 al.,	 2000),	male	mate	 choice	 for	or-
namented	 females	might	be	adaptive.	On	 the	other	hand,	 females	
of	 some	 species	 allocating	 resources	 to	 ornaments	 may	 do	 so	 at	
the	expense	of	resources	available	for	offspring	and	thus	constrain	
their	fitness	(Fitzpatrick	et	al.,	1995).	In	species	with	a	negative	re-
lationship	between	ornament	and	egg	quality	or	fecundity,	one	may	
argue	that	the	benefit	of	the	ornament	may	not	outweigh	its	fitness	
cost.	Males	choosing	to	fertilize	eggs	from	such	ornamented	females	
may	sire	offspring	of	relatively	poor	quality	(Fitzpatrick	et	al.,	1995).	
This	is	complicated	by	the	argument	that	even	in	species	where	fe-
male	ornaments	are	negatively	associated	with	offspring	fitness,	in-
tensely	ornamented	high-	quality	females	may	potentially	still	have	
higher	fitness	than	drab	females	(Simmons	&	Emlen,	2008;	Zahavi,	
1975).	For	this	to	occur,	(i)	higher	sexual	attractiveness	of	the	orna-
mented	mother's	offspring	must	compensate	her	 reduced	number	
of	 surviving	offspring,	 (ii)	 or	 if	 high	quality	 females	 suffer	 less	 re-
duction	in	offspring	number	or	quality	from	the	ornament	than	fe-
males	of	low	quality.	If	so,	it	may	still	be	adaptive	for	males	to	choose	
the	most	ornamented	 females	as	mates	 (Simmons	&	Emlen,	2008;	
Watson	&	Simmons,	2010;	Zahavi,	1975).	The	outcome	of	the	con-
flicting	 scenarios	 under	 a	 negative	 association	 between	ornament	
and	offspring,	will	depend	on	whether	the	attractiveness	of	the	or-
nament	outweighs	the	fecundity	cost	of	the	ornament	 (Fitzpatrick	
et	al.,	1995;	LeBas,	2006;	Watson	&	Simmons,	2010).	Future	selec-
tion	experiments	over	several	generations	might	reveal	whether	it	is	
adaptive	for	males	to	choose	ornamented	or	drab	females	(Nordeide	
et	al.,	2013).	If	it	turns	out	that	this	varies	between	species,	between	
populations	 or	 points	 in	 time,	we	 potentially	 have	 an	 explanation	
for	the	conflicting	results	as	revealed	by	the	reviews	as	referred	to	
above.

To	conclude,	 this	 study	does	not	demonstrate	 any	negative	or	
positive	effect	of	the	intensity	of	the	carotenoid-	based	ornament	of	
female	Arctic	charr	on	the	quality	of	their	eggs	and	larvae.	No	asso-
ciation	is	not	as	expected	from	predictions	of	the	“direct	selection	
hypothesis”	(see	Introduction).	This	result	is	not	in	conflict	with	the	
“genetic	correlation	hypothesis,”	although	lack	of	significant	associa-
tion	between	parameters	is	obviously	not	a	bold	prediction.

F I G U R E  4 Scatter-	plot	showing	hatching	success	(%)	and	total	
mass	of	carotenoid	in	eggs	(ng/egg)
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F I G U R E  5 Scatter-	plot	showing	body	length	of	larvae	(cm)	and	
total	mass	of	carotenoid	in	eggs	(ng/egg)

1.42

1.44

1.46

1.48

1.50

1.52

1.54

1.56

1.58

1.60

1.62

1.64

100 120 140 160 180 200 220 240

Carotenoids in eggs (ng/egg)

Bo
dy

 le
ng

th
 la

rv
ae

 (c
m

)



    |  9 of 11EGELAND Et AL.

ACKNOWLEDG MENTS
We	thank	our	colleague	Roald	Jakobsen	for	technical	assistance	dur-
ing	the	experiment.

CONFLIC T OF INTERE S T
None	declared.

AUTHOR CONTRIBUTIONS
Torvald Blikra Egeland:	Conceptualization	 (equal);	Data	 curation	
(lead);	 Formal	 analysis	 (lead);	 Funding	 acquisition	 (supporting);	
Investigation	 (lead);	Methodology	 (equal);	Project	 administration	
(equal);	 Resources	 (equal);	 Software	 (lead);	 Supervision	 (equal);	
Validation	 (equal);	 Visualization	 (equal);	 Writing	 –		 original	 draft	
(equal);	Writing	–		review	&	editing	(equal).	Einar Skarstad Egeland: 
Conceptualization	 (supporting);	 Data	 curation	 (equal);	 Formal	
analysis	 (equal);	 Funding	 acquisition	 (supporting);	 Investigation	
(equal);	Methodology	(equal);	Project	administration	(supporting);	
Resources	 (equal);	 Software	 (supporting);	 Supervision	 (equal);	
Validation	 (equal);	 Visualization	 (equal);	 Writing	 –		 original	 draft	
(equal);	Writing	–		 review	&	editing	 (equal).	Jarle Tryti Nordeide: 
Conceptualization	 (lead);	 Data	 curation	 (supporting);	 Formal	
analysis	 (equal);	 Funding	 acquisition	 (lead);	 Investigation	 (equal);	
Methodology	 (equal);	 Project	 administration	 (equal);	 Resources	
(lead);	 Software	 (supporting);	 Supervision	 (equal);	 Validation	
(equal);	 Visualization	 (equal);	 Writing	 –		 original	 draft	 (lead);	
Writing	–		review	&	editing	(equal).

DATA AVAIL ABILIT Y S TATEMENT
The	data	presented	in	this	study	are	archived	at	Dryad	https://datad	
ryad.org/stash/	share/	zl_MczFn	tpxP_ie9Of	OSGtR	d8L15	XPzjA	Byifa	
7SWJ4;	https://doi.org/10.5061/dryad.rbnzs7hcw.

ORCID
Torvald Blikra Egeland  https://orcid.org/0000-0003-4768-1678 
Jarle Tryti Nordeide  https://orcid.org/0000-0003-2315-3635 

R E FE R E N C E S
Ahmadi,	M.	R.,	Bazyar,	A.	A.,	Safi,	S.,	Ytrestoyl,	T.,	&	Bjerkeng,	B.	(2006).	

Effects	 of	 dietary	 astaxanthin	 supplementation	 on	 reproductive	
characteristics	 of	 rainbow	 trout	 (Oncorhynchus mykiss). Journal of 
Applied Ichthyology,	22,	388–	394.

Amengual,	J.,	Lobo,	G.	P.,	Golczak,	M.,	Li,	H.	N.	M.,	Klimova,	T.,	Hoppel,	
C.	L.,	Wyss,	A.,	Palczewski,	K.,	&	Lintig,	J.	V.	 (2011).	A	mitochon-
drial	enzyme	degrades	carotenoids	and	protects	against	oxidative	
stress. The FASEB Journal,	25,	948–	959.

Ambati,	 R.	 R.,	 Phang,	 S.-	M.,	 Ravi,	 S.,	&	Aswathanarayana,	G.	 (2014).	
Asthaxanthin:	Sources,	 extraction,	 stability,	biological	 activities	
and	 its	 commercial	 applications-		 A	 review.	 Marine Drugs,	 12,	
158–	152.

Amundsen,	 T.	 (2000).	 Why	 are	 female	 birds	 ornamented?	 Trends in 
Ecology and Evolution,	15,	149–	155.

Andersson,	M.	(1994).	Sexual selection.	Princeton	University	Press.
Ando,	S.,	Osada,	K.,	Hatano,	M.,	&	Saneyoshi,	M.	(1989).	Comparison	

of	carotenoids	in	muscle	and	ovary	from	four	genera	of	Samonid	
fishes.	 Comparative Biochemistry and Physiology, Part B,	 93,	
503–	508.

Barton,	 K.	 (2022).	 MuMin: Multi- Model Inference.	 R	 package	 version	
1.46.0.	https://CRAN.R-	proje	ct.org/packa	ge=MuMin

Bates,	 D.,	Maechler,	M.,	 Bolker,	 B.,	 &	Walker,	 S.	 (2014).	 lme4: Linear 
mixed- effects models using Eigen and S4.	 R	 Package	 Version,	 1,	
1–	23.

Bazyar	 Lakeh,	A.	A.,	 Ahmadi,	M.	 R.,	 Safi,	 S.,	 Ytrestøyl,	 T.,	&	Bjerkeng,	
B.	(2010).	Growth	performance,	mortality	and	carotenoid	pigmen-
tation	of	 fry	offspring	as	affected	by	dietary	 supplementation	of	
astaxanthin	to	female	rainbow	trout	(Oncorhynchus mykiss) brood-
stock.	Journal of Applied Ichthyology,	26,	35–	39.

Belliure,	J.,	Fresnillo,	B.,	&	Cuervo,	J.	J.	(2018).	Male	mate	choice	based	on	
female	coloration	in	a	lizard:	The	role	of	a	juvenile	trait.	Behavioral 
Ecology,	29,	543–	552.

Bjerkeng,	B.,	Hatlen,	B.,	&	Jobling,	M.	 (2000).	Astaxanthin	and	 its	me-
tabolites	idoxanthin	and	crustaxanthin	in	flesh,	skin,	and	gonads	of	
sexually	immature	and	maturing	Arctic	charr	(Salvelinus alpinus	(L.)).	
Comparative Biochemistry and Physiology, Part B,	125,	395–	404.

Blount,	J.	D.,	Houston,	D.	C.,	&	Møller,	A.	P.	(2000).	Why	egg	yolk	is	yel-
low. Trends in Ecology and Evolution,	15,	47–	49.

Boonyaratpalin,	M.,	&	Unprasert,	N.	(1989).	Effect	of	pigments	from	dif-
ferent	sources	on	colour	changes	and	growth	of	 red	Oreochromis 
niloticus. Aquaculture,	79,	375–	380.

Brattli,	M.	B.,	Egeland,	T.	B.,	Nordeide,	J.	T.,	&	Folstad,	I.	(2018).	Spawning	
behavior	of	Arctic	charr	(Salvelinus alpinus):	Spawning	synchrony,	vi-
brational	communication,	and	mate	guarding.	Ecology and Evolution,	
8,	8076–	8087.

Burnham,	K.	P.,	&	Anderson,	D.	R.	(2002).	Model selection and multimodel 
inference -  A practical information -  Theoretic approach.	 Springer-	
Verlag,	New	York	Inc.

Cantarero,	A.,	López-	Arrabé,	J.,	Palma,	A.,	&	Moreno,	J.	(2017).	Oxidative	
status	 in	 nestlings	 shows	 different	 associations	 with	 parental	
carotenoid-	based	plumage	ornaments	depending	on	parental	 sex	
and	 year:	 A	 study	 of	 rock	 sparrows	 Petronia petronia. Ethology 
Ecology & Evolution,	29,	521–	541.

Caro,	 S.	 P.,	 Pierre,	 L.,	 Bergès,	 M.,	 Bakker,	 R.,	 Doutrelant,	 C.,	 &	
Bonadonna,	F.	 (2021).	Mutual	mate	preferences	and	assortative	
mating	 in	 relation	 to	 a	 carotenoid-	based	color	 trait	 in	blue	 tits.	
Behavioral Ecology,	 32(6),	 1171–	1182.	 https://doi.org/10.1093/
behec	o/arab080

Christiansen,	R.,	Glette,	J.,	Lie,	Ø.,	Torrissen,	O.	J.,	&	Waagbø,	R.	(1995).	
Antioxidant	status	and	immunity	in	Atlantic	salmon,	Salmo salar	L.,	
fed	semi-	purified	diets	with	and	without	astaxanthin	supplementa-
tion.	Journal of Fish Diseases,	18,	317–	328.

Christiansen,	R.,	&	Torrissen,	O.	J.	(1997).	Effects	of	dietary	astaxanthin	
supplementation	on	fertilization	and	egg	survival	in	Atlantic	salmon	
(Salmo salar	L.).	Aquaculture,	153,	51–	62.

Clutton-	Brock,	T.	(2009).	Sexual	selection	in	females.	Animal Behaviour,	
77,	3–	11.

Clutton-	Brock,	T.	H.,	&	Vincent,	A.	C.	J.	(1991).	Sexual	selection	and	the	
potential	 reproductive	 rates	 of	 males	 and	 females.	 Nature,	 351,	
58–	60.

Cotton,	A.	J.,	Cotton,	S.,	Small,	J.,	&	Pomiankowski,	A.	(2015).	Male	mate	
preference	for	female	eyespan	and	fecundity	in	the	stalk-	eyed	fly,	
Teleopsis dalmanni. Behavioral Ecology,	26,	376–	385.

Craik,	J.	C.	A.	(1985).	Egg	quality	and	egg	pigment	content	in	salmonid	
fishes.	Aquaculture,	47,	61–	88.

Craik,	J.	C.	A.,	&	Harvey,	S.	M.	(1986).	The	carotenoids	of	eggs	of	wild	and	
farmed	Atlantic	salmon,	and	their	changes	during	development	to	
the	start	of	feeding.	Journal of Fish Biology,	29,	549–	565.

Crawley,	M.	J.	(2012).	The R book.	John	Wiley	&	Sons.
Crozier,	 G.	 F.	 (1970).	 Tissue	 carotenoids	 in	 prespawning	 and	 spawn-

ing	 Sockeye	 salmon	 (Oncorhynchus nerka). Journal of the Fisheries 
Research Board of Canada,	27,	973–	975.

Darwin,	 C.	 (1871).	 The descent of man, and selection in relation to sex. 
Murray.

https://datadryad.org/stash/share/zl_MczFntpxP_ie9OfOSGtRd8L15XPzjAByifa7SWJ4
https://datadryad.org/stash/share/zl_MczFntpxP_ie9OfOSGtRd8L15XPzjAByifa7SWJ4
https://datadryad.org/stash/share/zl_MczFntpxP_ie9OfOSGtRd8L15XPzjAByifa7SWJ4
https://doi.org/10.5061/dryad.rbnzs7hcw
https://orcid.org/0000-0003-4768-1678
https://orcid.org/0000-0003-4768-1678
https://orcid.org/0000-0003-2315-3635
https://orcid.org/0000-0003-2315-3635
https://CRAN.R-project.org/package=MuMin
https://doi.org/10.1093/beheco/arab080
https://doi.org/10.1093/beheco/arab080


10 of 11  |     EGELAND Et AL.

Egeland,	 T.	 B.,	 Rudolfsen,	 G.,	 Nordeide,	 J.	 T.,	 &	 Folstad,	 I.	 (2015).	 On	
the	 relative	 effect	 of	 spawning	 asynchrony,	 sperm	 quantity	 and	
sperm	quality	on	paternity	under	 sperm	competition	 in	an	exter-
nal	 fertilizer.	 Frontiers in Ecology and Evolution,	 3,	 77.	 https://doi.
org/10.3389/fevo.2015.00077

Emlen,	 S.	 T.,	&	Oring,	 L.	W.	 (1977).	 Ecology,	 sexual	 selection,	 and	 the	
evolution	of	mating	systems.	Science,	197,	215–	223.

Enbody,	E.	D.,	Boersma,	 J.,	 Schwabl,	H.,	&	Karubian,	 J.	 (2018).	Female	
ornamentation	 is	associated	with	elevated	aggression	and	testos-
terone	in	a	tropical	songbird.	Behavioral Ecology,	29,	1056–	1066.

Figenschou,	L.,	Folstad,	I.,	&	Liljedal,	S.	(2004).	Lek	fidelity	of	male	Arctic	
charr.	Canadian Journal of Zoology,	82,	1278–	1284.

Fisher,	R.,	Wilson,	S.	K.,	Sin,	T.	M.,	Lee,	A.	C.,	&	Langlois,	T.	J.	(2018).	A	
simple	function	for	full-	subsets	multiple	regression	in	ecology	with	
R. Ecology and Evolution,	8,	6104–	6113.

Fitzpatrick,	S.,	Berglund,	A.,	&	Rosenqvist,	G.	(1995).	Ornaments	or	off-
spring:	Costs	to	reproductive	success	restrict	sexual	selection	pro-
cesses. Biological Journal of the Linnean Society,	55,	251–	260.

Froese,	 R.	 (2006).	 Cube	 law,	 condition	 factor	 and	 weight-	length	 rela-
tionships:	History,	meta-	analysis	and	recommendations.	Journal of 
Applied Ichthyology,	22,	241–	253.

Garner,	S.	R.,	Neff,	B.	D.,	&	Bernards,	M.	A.	(2010).	Dietary	carotenoid	
levels	affect	carotenoid	and	retinoid	allocation	in	female	Chinook	
salmon	 Oncorhynchus tshawytscha. Journal of Fish Biology,	 76,	
1474–	1490.

Grafen,	A.	 (1990).	Biological	signals	 in	handicaps.	Journal of Theoretical 
Biology,	55,	251–	260.

Hatlen,	 B.,	 Arnesen,	 A.	 M.,	 &	 Jobling,	 M.	 (1996).	 Muscle	 carotenoid	
concentrations	 in	 sexually	 maturing	 and	 immature	 Arctic	 charr,	
Salvelinus alpinus	(L.).	Aquaculture Nutrition,	2,	207–	212.

Heinsohn,	 R.,	 Legge,	 S.,	 &	 Endler,	 J.	 A.	 (2005).	 Extreme	 reversed	 sex-
ual	dichromatism	in	a	bird	without	sex	role	reversal.	Science,	309,	
617–	619.

Hernández,	 A.,	 Martínez-	Gómez,	 M.,	 Beamonte-	Barrientos,	 R.,	 &	
Montoya,	B.	(2021).	Colourful	traits	in	female	birds	relate	to	indi-
vidual	condition,	reproductive	performance	and	male-	mate	prefer-
ences:	A	meta-	analytic	 approach.	Biology Letters,	17,	 20210283.–	
https://doi.org/10.1098/rsbl.2021.0283

Hooker,	S.,	Clementson,	L.,	Thomas,	C.,	Schlüter,	L.,	Allerup,	M.,	Ras,	J.,	
Claustre,	 H.,	 Normandeau,	 C.,	 Cullen,	 J.,	 Kienast,	M.,	 Kozlowski,	
W.,	Vernet,	M.,	Chakraborty,	S.,	Lohrenz,	S.,	Tuel,	M.,	Redalje,	D.,	
Cartaxana,	P.,	Mendes,	C.,	Brotas,	V.,	…	Egeland,	E.	S.	 (2012).	The 
Fifth SeaWiFS HPLC Analysis Round- Robin Experiment (SeaHARRE– 5), 
NASA Technical Memorandum 2012– 217503.

Janhunen,	 M.,	 Kekäläinen,	 J.,	 Kortet,	 R.,	 Hyvärinen,	 P.,	 &	 Piironen,	 J.	
(2011).	No	evidence	for	an	indirect	benefit	from	female	mate	pref-
erence	 in	 Arctic	 charr	 Salvelinus alpinus,	 but	 female	 ornamenta-
tion	decreases	offspring	viability.	Biological Journal of the Linnean 
Society,	103,	602–	611.

Janhunen,	M.,	Peuhkuri,	N.,	Primmer,	C.	R.,	Kolari,	I.,	&	Piironen,	J.	(2011).	
Does	breeding	ornamentation	signal	genetic	quality	in	Arctic	charr,	
Salvelinus alpinus?	Evolutionary Biology,	38,	68–	78.

Kolluru,	G.	R.,	Grether,	G.	F.,	South,	S.	H.,	Dunlop,	E.,	Cardinali,	A.,	Liu,	
L.,	&	Carapiet,	A.	(2006).	The	effects	of	carotenoid	and	food	avail-
ability	on	resistance	to	a	naturally	occurring	parasite	(Gyrodactylus 
turnbulli)	 in	 guppies	 (Poecilia reticulata). Biological Journal of the 
Linnean Society,	89,	301–	309.

Kraaijeveld,	K.,	Kraaijeveld-	Smit,	F.	J.	L.,	&	Komdeur,	J.	(2007).	The	evolu-
tion	of	mutual	ornamentation.	Animal Behaviour,	74,	657–	677.

Kroken,	K.	K.,	Sæthre,	A.	A.,	Nicolaisen,	O.,	Egeland,	T.	B.,	&	Nordeide,	
J.	 T.	 (2021).	 Carotenoids-	based	 reddish	 pelvic	 spines	 in	 nonre-
producing	 female	 and	 male	 sticklebacks	 (Gasterosteus aculea-
tus)	 –		 Signalling	 social	 dominance?	 Ecology and Evolution,	 11,	
11038–	11050.

Lande,	R.	(1980).	Sexual	dimorphism,	sexual	selection,	and	adaptation	in	
polygenic	characters.	Evolution,	34,	292–	305.

Laplante,	L.	H.	 (2015).	Female	belly	colour	and	bobbing	behaviour	ad-
vertise	 sexual	 receptivity	 in	 a	 pelagic-	spawning	 coral	 reef	 fish.	
Behaviour,	152,	705–	725.

LeBas,	N.	R.	 (2006).	Female	finery	 is	not	for	males.	Trends in Ecology & 
Evolution,	21,	170–	173.

Le	Cren,	E.	D.	(1951).	The	length-	weight	relationship	and	seasonal	cycle	
in	gonad	weight	and	condition	in	the	perch	(Perca fluviatilis). Journal 
of Animal Ecology,	20,	201–	219.

Lehnert,	S.	J.,	Devlin,	R.	H.,	Pitcher,	T.	E.,	Semeniuk,	C.	A.	D.,	&	Heath,	
D.	 D.	 (2017).	 Redder	 isn’t	 always	 better:	 Cost	 of	 carotenoids	 in	
Chinook	salmon	eggs.	Behavioral Ecology,	28,	549–	555.

Lehnert,	S.	J.,	Garver,	K.	A.,	Richard,	J.,	Devlin,	R.	H.,	Lajoie,	C.,	Pitcher,	
T.	 E.,	 &	 Heath,	 D.	 D.	 (2018).	 Significant	 differences	 in	 mater-
nal	 carotenoid	 provisioning	 and	 effects	 on	 offspring	 fitness	 in	
Chinook	salmon	colour	morphs.	Journal of Evolutionary Biology,	31,	
1876–	1893.

Lehnert,	 S.	 J.,	 Pitcher,	 T.	 E.,	Devlin,	 R.	H.,	 &	Heath,	D.	D.	 (2016).	 Red	
and	white	Chinook	salmon:	Genetic	divergence	and	mate	choice.	
Molecular Ecology,	25,	1259–	1274.

Lüdtke,	D.	U.,	&	Foerster,	K.	(2018).	Choosy	males	court	both	large,	co-
lourful	females	and	less	colourful	but	responsive	females	for	 lon-
ger. Animal Behaviour,	146,	1–	11.

Lüdtke,	D.	U.,	&	Foerster,	K.	 (2019).	A	female	color	ornament	honestly	
signals	fecundity.	Frontiers in Ecology and Evolution,	7,	432.

Mercadante,	A.	Z.,	Egeland,	E.	S.,	Britton,	G.,	Liaaen-	Jensen,	S.,	&	Pfander,	
H.	(Eds.)	(2004).	Carotenoids: Handbook.	Basel.

Monaghan,	P.,	Metcalfe,	N.	B.,	&	Torres,	R.	(2009).	Oxidative	stress	as	a	
mediator	of	life	history	trade-	offs:	Mechanisms,	measurements	and	
interpretation.	Ecology Letters,	12,	75–	92.

Neff,	B.	D.,	Garner,	 S.	R.,	Heath,	 J.	W.,	&	Heath,	D.	 (2008).	 The	MHC	
and	non-	random	mating	in	a	captive	population	of	Chinook	salmon.	
Heredity,	101,	175–	185.

Nordeide,	J.	T.	(2002).	Do	male	sticklebacks	prefer	females	with	red	or-
namentation?	Canadian Journal of Zoology,	80,	1344–	1349.

Nordeide,	J.	T.,	Kekäläinen,	J.,	Janhunen,	M.,	&	Kortet,	R.	(2013).	Female	
ornaments	 revisited	–		 are	 they	correlated	with	offspring	quality?	
Journal of Animal Ecology,	82,	26–	38.

Nordeide,	J.	T.,	Mohus,	A.,	Nicolaisen,	O.,	Volden,	R.,	&	Egeland,	E.	S.	
(2008).	 Offspring	 or	 ornaments?	 Is	 carotenoid-	based	 ornamen-
tation	 in	 female	 Arctic	 charr,	 Salvelinus alpinus	 (L.),	 condition-	
dependent	and	traded	off	against	offspring?	Ecology of Freshwater 
Fish,	 17,	 328–	339.	 https://doi.org/10.1111/j.1600-	0633.2007.	
00286.x

Nordeide,	J.	T.,	Rudolfsen,	G.,	&	Egeland,	E.	S.	(2006).	Ornaments	or	off-
spring?	Female	sticklebacks	(Gasterosteus aculeatus	L.)	trade	off	ca-
rotenoids	between	spines	and	eggs.	Journal of Evolutionary Biology,	
19,	431–	439.

Parolini,	M.,	 Iacobuzio,	 R.,	 Possenti,	 C.	 D.,	 Bassano,	 B.,	 Pennati,	 R.,	 &	
Saino,	N.	 (2018).	Carotenoid-	based	skin	coloration	signals	antiox-
idant	defenses	in	the	brown	trout	(Salmo trutta). Hydrobiologia,	815,	
267–	280.

R	Core	Team,	(2019).	R: A language and environment for statistical comput-
ing.	R	Foundation	for	Statistical	Computing.

Rajasingh,	H.,	Våge,	D.	I.,	Pavey,	S.	A.,	&	Omholt,	S.	W.	(2007).	Why	are	
salmon	pink?	Canadian Journal of Fisheries and Aquatic Sciences,	64,	
1614–	1627.

Ramstad,	K.	M.,	Woody,	C.	A.,	&	Allendorf,	 F.	W.	 (2010).	Recent	 local	
adaptation	 of	 sockeye	 salmon	 to	 glacial	 spawning	 habitats.	
Evolutionary Ecology,	24,	391–	411.

Rigaill,	L.,	&	Garcia,	C.	(2021).	Does	male	mate	choice	select	for	female	
coloration	in	a	promiscuous	primate	species?	Animal Behaviour,	177,	
171–	181.

Salze,	G.,	Tocher,	D.	R.,	Roy,	W.	J.,	&	Robertson,	D.	A.	(2005).	Egg	quality	
determinants	in	cod	(Gadus morhua	L.):	Egg	performance	and	lipids	
in	eggs	from	farmed	and	wild	broodstock.	Aquaculture Research,	36,	
1488–	1499.

https://doi.org/10.3389/fevo.2015.00077
https://doi.org/10.3389/fevo.2015.00077
https://doi.org/10.1098/rsbl.2021.0283
https://doi.org/10.1111/j.1600-0633.2007.00286.x
https://doi.org/10.1111/j.1600-0633.2007.00286.x


    |  11 of 11EGELAND Et AL.

Sganga,	D.	E.,	&	Greco,	 L.	S.	 L.	 (2019).	Assessment	of	potential	 trade-	
off	 between	 maternal	 colouration	 and	 offspring	 quality	 in	 the	
ornamental	 "red	 cherry"	 shrimp	 Neocaridina davidi	 (Bouvier).	
Aquaculture Research,	50,	1564–	1573.

Sigurjonsdottir,	 H.,	 &	 Gunnarsson,	 K.	 (1989).	 Alternative	 mating	 tac-
tics	 of	 Arctic	 charr,	 Salvelinus alpinus,	 in	 Thingvallavatn,	 Iceland.	
Environmental Biology of Fishes,	26,	159–	176.

Simmons,	L.	W.,	&	Emlen,	D.	J.	(2008).	No	fecundity	cost	of	female	sec-
ondary	 sexual	 trait	expression	 in	 the	horned	beetle	Onthophagus 
sagittarius. Journal of Evolutionary Biology,	21,	1227–	1235.

Skarstein,	 F.,	 &	 Folstad,	 I.	 (1996).	 Sexual	 dichromatism	 and	 the	 immu-
nocompetence	handicap:	An	observational	approach	using	Arctic	
charr.	Oikos,	76,	359–	367.	https://doi.org/10.2307/3546208

Sørum,	V.,	Figenschou,	L.,	Rudolfsen,	G.,	&	Folstad,	I.	(2011).	Spawning	
behaviour	of	Arctic	charr	(Salvelinus alpinus):	Risk	of	sperm	compe-
tition	and	timing	of	milt	 release	 for	sneaker	and	dominant	males.	
Behaviour,	148,	1157–	1172.

Steven,	D.	M.	 (1949).	Studies	on	animal	carotenoids:	 II.	Carotenoids	 in	
the	reproductive	cycle	of	the	Brown	trout.	Journal of Experimental 
Biology,	26,	295–	303.

Svensson,	P.	A.,	Pelabon,	C.,	Blount,	 J.	D.,	Surai,	P.	F.,	&	Amundsen,	T.	
(2006).	Does	female	nuptial	coloration	reflect	egg	carotenoids	and	
clutch	 quality	 in	 the	 Two-	Spotted	 Goby	 (Gobiusculus flavescens,	
Gobiidae)?	Functional Ecology,	20,	689–	698.

Svensson,	P.	A.,	&	Wong,	B.	B.	M.	 (2011).	Carotenoid-	based	 signals	 in	
behavioural	ecology:	A	review.	Behaviour,	148,	131–	189.

Tobias,	J.	A.,	Montgomerie,	R.,	&	Lyon,	B.	E.	(2012).	The	evolution	of	fe-
male	ornaments	and	weaponry:	Social	 selection,	 sexual	 selection	
and	ecological	 competition.	Philosophical Transactions of the Royal 
Society B: Biological Sciences,	367,	2274–	2293.

Torrissen,	 O.	 J.	 (1984).	 Pigmentation	 of	 salmonids	 -		 Effect	 of	 carot-
enoids	 in	eggs	and	startfeeding	diet	on	survival	and	growth	rate.	
Aquaculture,	43,	185–	193.

Tveranger,	 B.	 (1986).	 Effect	 of	 pigment	 content	 in	 broodstock	 diet	 on	
subsequent	fertilization	rate,	survival	and	growth	rate	of	rainbow	
trout	 (Salmo gairdneri)	 offspring.	Aquaculture,	53,	 85–	93.	 https://
doi.org/10.1016/0044-	8486(86)90278	-	4

Tyndale,	S.	T.,	Letcher,	R.	J.,	Heath,	J.	W.,	&	Heath,	D.	D.	(2008).	Why	are	
salmon	eggs	red?	Egg	carotenoids	and	early	life	survival	of	Chinook	
salmon	(Oncorhynchus tshawytscha). Evolutionary Ecology Research,	
10,	1187–	1199.

Vassallo-	Agius,	R.,	Imaizumi,	H.,	Watanabe,	T.,	Yamazaki,	T.,	Satoh,	S.,	
&	 Kiron,	 V.	 (2001).	 The	 influence	 of	 astaxanthin	 supplemented	
dry	 pellets	 on	 spawning	 of	 striped	 jack.	 Fisheries Science,	 67,	
260–	270.

Verakunpiriya,	 V.,	 Mushiake,	 K.,	 Kawano,	 K.,	 &	 Watanabe,	 T.	 (1997).	
Supplemental	 effects	 of	 astaxanthins	 in	 broodstock	 diets	 on	 the	
quality	of	yellowtail	eggs.	Fisheries Science,	63,	816–	823.

Villafuerte,	R.,	&	Negro,	J.	J.	(1998).	Digital	imaging	for	colour	measure-
ment	in	ecological	research.	Ecology Letters,	1,	151–	154.

Watanabe,	T.,	&	Miki,	W.	(1993).	Astaxanthin:	An	effective	dietary	com-
ponent	for	red	seabream	broodstocks.	In	S.	J.	Kaushik,	&	P.	Luquet	
(Eds.),	Fish nutrition in practice.	INRA.

Watson,	N.	L.,	&	Simmons,	L.	W.	(2010).	Mate	choice	in	the	dung	beetle	
Onthophagus sagittarius:	 Are	 female	 horns	 ornaments?	Behavioral 
Ecology,	21,	424–	430.

Wickham,	 H.	 (2016).	 ggplot2: Elegant graphics for data analysis. 
Springer-	Verlag.

Wilkins,	L.	G.	E.,	da	Cunha,	L.	M.,	Glauser,	G.,	Vallat,	A.,	&	Wedekind,	C.	
(2017).	Environmental	stress	 linked	to	consumption	of	maternally	
derived	carotenoids	in	brown	trout	embryos	(Salmo trutta). Ecology 
and Evolution,	7,	5082–	5093.

Wilkins,	L.	G.	E.,	Marques	da	Cunha,	L.,	Menin,	L.,	Ortiz,	D.,	Vocat-	Mottier,	
V.,	Hobil,	M.,	Nusbaumer,	D.,	&	Wedekind,	C.	(2017).	Maternal	al-
location	 of	 carotenoids	 increases	 tolerance	 to	 bacterial	 infection	
in	brown	trout.	Oecologia,	185,	351–	363.	https://doi.org/10.1007/
s0044	2-	017-	3952-	y

Wright,	D.	S.,	Pierotti,	M.	E.	R.,	Rundle,	H.	D.,	&	McKinnon,	J.	S.	(2015).	
Conspicuous	female	ornamentation	and	tests	of	male	mate	prefer-
ence	in	threespine	sticklebacks	(Gasterosteus aculeatus). PLoS One,	
10,	e0120723.

Wu,	L.,	Guo,	X.,	Hartson,	S.	D.,	Davis,	M.	A.,	He,	H.,	Medeiros,	D.	M.,	
Wang,	W.,	Clarke,	S.	L.,	Lucas,	E.	A.,	Smith,	B.	J.,	von	Lintig,	 J.,	&	
Lin,	D.	 (2017).	 Lack	of	β,	β-	carotene-	9′,	10′-	oxygenase	2	 leads	 to	
hepatic	mitochondrial	dysfunction	and	cellular	oxidative	stress	 in	
mice. Molecular Nutrition & Food Research,	61,	1600576.

Yong,	L.,	Guo,	R.,	Wright,	D.	S.,	Mears,	S.	A.,	Pierotti,	M.,	&	McKinnon,	J.	
S.	(2013).	Correlates	of	red	throat	coloration	in	female	stickleback	
and	 their	potential	evolutionary	 significance.	Evolutionary Ecology 
Research,	15,	453–	472.

Yong,	 L.,	 Lee,	 B.,	 McKinnon,	 J.	 S.,	 &	 Handling	 Editor:	 Ingo,	 S.	 (2018).	
Variation	 in	 female	aggression	 in	2	 three-	spined	stickleback	pop-
ulations	with	female	throat	and	spine	coloration.	Current Zoology,	
64,	345–	350.

Yong,	L.,	Peichel,	C.	L.,	&	McKinnon,	J.	S.	(2016).	Genetic	architecture	of	
conspicuous	red	ornaments	 in	female	threespine	stickleback.	G3- 
Genes Genomes. Genetics,	6,	579–	588.

Yong,	 L.,	Woodall,	 B.	 E.,	 Pierotti,	 M.	 E.	 R.,	 &	McKinnon,	 J.	 S.	 (2015).	
Intrasexual	competition	and	throat	color	evolution	in	female	three-	
spined	sticklebacks.	Behavioral Ecology,	26,	1030–	1038.

Yuan,	 J.-	P.,	 Peng,	 J.,	 Yin,	 K.,	 &	 Wang,	 J.-	H.	 (2011).	 Potential	 health-	
promoting	effects	of	astaxanthin:	A	high-	value	carotenoid	mostly	
from	microalgae.	Molecular Nutrition & Food Research,	55,	150–	165.

Zahavi,	A.	(1975).	Mate	selection	-		A	selection	for	a	handicap.	Journal of 
Theoretical Biology,	53,	205–	214.

Zuur,	A.	F.,	Ieno,	E.	N.,	&	Elphick,	C.	S.	(2010).	A	protocol	for	data	explo-
ration	to	avoid	common	statistical	problems.	Methods in Ecology and 
Evolution,	1,	3–	14.

SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 in	 the	 online	
version	of	the	article	at	the	publisher’s	website.

How to cite this article:	Egeland,	T.	B.,	Egeland,	E.	S.,	&	
Nordeide,	J.	T.	(2022).	Does	egg	carotenoid	improve	larval	
quality	in	Arctic	charr	(Salvelinus alpinus)?	Ecology and 
Evolution,	12,	e8812.	https://doi.org/10.1002/ece3.8812

https://doi.org/10.2307/3546208
https://doi.org/10.1016/0044-8486(86)90278-4
https://doi.org/10.1016/0044-8486(86)90278-4
https://doi.org/10.1007/s00442-017-3952-y
https://doi.org/10.1007/s00442-017-3952-y
https://doi.org/10.1002/ece3.8812

