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Abstract
1.	 To	maximise	their	fitness,	organisms	need	to	synchronise	their	phenology	with	the	
seasonal	 variation	 in	 environmental	 conditions.	Most	 phenological	 traits	 are	 af-
fected	by	environmental	abiotic	cues	such	as	photoperiod,	temperature	and	rain-
fall.	When	individuals	with	complex	life	cycles	fail	to	match	one	of	the	stages	with	
the	 favourable	 environment,	 the	 negative	 conditions	 experienced	 may	 lead	 to	
carry-over	effects	and,	thus,	influence	fitness	in	subsequent	stages.

2.	 In	the	winter	moth,	an	herbivorous	insect	with	an	annual	life	cycle,	timing	of	egg-
hatching	 in	spring	 is	strongly	 influenced	by	temperature	and	varies	from	year	to	
year.	To	 investigate	whether	 the	phenological	 variation	 in	egg-hatching	date	af-
fects	subsequent	stages,	we	analysed	data	on	egg-hatching	date	and	adult	catching	
date	 (considered	here	 to	be	a	proxy	 for	adult	eclosion	date)	 from	our	 long-term	
study	(1994–2014).	Furthermore,	we	experimentally	manipulated	the	photoperiod	
experienced	by	newly	hatched	larvae	and	recorded	the	phenology	of	their	subse-
quent	life	cycle	stages.

3.	 In	the	long-term	field	study,	we	found	that	the	timing	of	winter	moth	egg-hatching	
in	spring	varied	strongly	 from	year	 to	year.	 Interestingly,	however,	 the	timing	of	
adult	eclosion	date	in	winter	showed	little	inter-annual	variation.	In	line	with	these	
findings,	our	experimental	data	showed	that	the	winter	moth	shortened	the	dura-
tion	of	their	pupal	development	when	they	experienced	a	late	spring	photoperiod	
as	a	larva,	and	prolonged	pupal	development	when	experiencing	early	spring	pho-
toperiod.	The	effects	of	the	larval	photoperiodic	treatments	persisted	during	egg	
development	in	the	following	generation.

4.	 The	results	show	that	a	phenological	shift	that	occurs	during	an	early	life	stage	is	
partially	compensated	during	subsequent	stages	and	suggest	that	the	mechanism	
underlying	this	compensation	is	mediated	by	photoperiod.	Winter	moths	regulated	
their	phenology	in	such	a	way	that	the	variation	in	the	egg-hatching	stage	was	not	
carried	over	to	the	next	life	cycle	stages.	This	has	strong	effects	on	fitness	as	it	(1)	
ensures	the	synchronisation	of	adult	eclosion	during	the	mating	period	and	(2)	 is	
likely	 to	 reduce	 potentially	 negative	 fitness	 consequences	 of	 phenological	 mis-
matches	in	egg-hatching	in	the	following	generation.	Overall,	these	findings	stress	
the	 importance	of	understanding	phenological	carry-over	effects	 to	 forecast	 the	
impact	of	global	change	in	species	with	complex	life	cycles.
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1  | INTRODUCTION

In	 temperate	ecosystems,	organisms	need	to	cope	with	annual	 fluc-
tuations	 in	dark–light	 regime,	 temperature,	 rainfall	 and	humidity.	To	
adequately	 exploit	 suitable	 conditions	 to	 reproduce,	 grow	 or	 mate	
species	need	to	synchronise	the	phenology	of	 their	 life	cycle	stages	
with	 these	 environmental	 changes.	 Environmental	variables	 used	 to	
regulate	seasonal	timing	can	be	highly	species-	specific,	but	photope-
riod	and	temperature	are	cues	that	are	commonly	used.	The	seasonal	
change	in	photoperiod	provides	a	precise	and	reliable	cue	(Bradshaw	
&	Holzapfel,	2007)	to	initiate	physiological	and	behavioural	changes	to	
prepare	for	future	environmental	conditions.	Photoperiodism,	i.e.	the	
ability	to	measure	day	length,	allows	organisms	to	optimise	their	fit-
ness	by	predicting	upcoming	seasonal	changes	and	adopting	appropri-
ate	strategies	to	cope	with	these	changes.	Migration	in	birds	(Dawson,	
2002;	Dawson,	King,	Bentley,	&	Ball,	 2001)	 and	diapause	 (i.e.	 state	
of	reduced	metabolic	activity	which	occurs	when	conditions	are	not	
favourable)	 in	 insects	 (Denlinger,	 2002;	Mousseau	 &	 Dingle,	 1991;	
Tauber	&	Tauber,	1976)	are	some	examples	of	phenological	changes	
regulated	by	photoperiod.

Organisms	with	complex	life	cycles	are	often	exposed	to	different	
seasonal	environments	during	distinct	life	cycle	stages	(Kingsolver	et	al.,	
2011)	and,	to	maximise	fitness,	each	of	these	life	stages	has	to	match	
to	 environmental	 optimal	 conditions.	 Moreover,	 if	 the	 phenology	 of	
a	 life	cycle	stage	affects	the	phenology	of	the	next	stage(s)	this	could	
lead	to	a	mismatch,	to	which	we	will	here	refer	to	as	phenological carry-
over  effects.	In	such	case,	we	expect	organisms	to	use	the	information	
provided	by	photoperiod	to	regulate	their	growth	and	development	to	
ensure	that	the	timing	of	their	next	life	cycle	stages	will	match	with	their	
future	environment.	To	avoid	such	phenological	carry-	over	effects	and	
restore	phenological	synchrony,	organisms	can	adjust	the	developmental	
duration	of	life	cycle	stages.	Although	adjusting	developmental	duration	
may	 bring	 short-	term	 benefits	 this	 may	 have	 (negative)	 carry-	over	
effects	on	other	life-	history	traits	(O’Connor,	Norris,	Crossin,	&	Cooke,	
2014).	For	example,	many	studies	have	well	described	carry-	over	effects	
of	compensatory	growth	(i.e.	increased	growth	in	later	life	cycle	stages).

Both	 empirical	 data	 and	 theoretical	 models	 predict	 trade-	offs	
between	 compensatory	 growth	 responses	 and	 other	 fitness-	related	
traits	 (Mangel	 &	 Munch,	 2005;	 Metcalfe	 &	 Monaghan,	 2001;	
Yearsley,	Kyriazakis,	&	Gordon,	2004).	 In	a	recent	study	 in	the	moor	
frog,	Orizaola	 et al.	 show	 that	 compensatory	 growth	 in	 response	 to	
early	 ontogeny	 conditions	 influences	 immune	 response	 later	 in	 life	
(Murillo-	Rincón,	Laurila,	&	Orizaola,	2017).	Similar	results	were	found	
in	damselflies	 (De	Block	&	Stoks,	2008).	Several	other	 studies	anal-
ysed	the	effects	of	induced	compensatory	growth	on	oxidative	stress	
(Alonso-	Alvarez,	 Bertrand,	 Faivre,	&	 Sorci,	 2007;	De	Block	&	 Stoks,	

2008;	Geiger	et	al.,	2012),	locomotory	performance	(Killen,	Marras,	&	
McKenzie,	2014;	Lee,	Monaghan,	&	Metcalfe,	2010),	and	future	repro-
duction	 (Newcombe,	Hunt,	Mitchell,	&	Moore,	2015).	These	studies	
show	that	carry	over	effects	across	 life	cycle	stages	can	have	major	
fitness	effects	where	individuals	need	to	trade-	off	the	fitness	conse-
quences	of	mismatched	phenology	 in	 later	 stages	with	 the	 costs	 of	
speeding	up	 (or	 slowing	down)	of	development	 to	 reduce	such	mis-
matches.	 Studies	 following	 the	 phenology	 of	 individuals	 through-
out	their	 life	cycle	are	 few	 (but	see	Moyes	et	al.,	2011;	Ozgul	et	al.,	
2010;	B.	M.	Tomotani,	unpublished	data)	and	consequently	we	have	
a	relatively	poor	understanding	of	how	carry-	over	effects	translate	to	
differences	 in	 population	 dynamics.	Here,	we	 argue	 that,	 to	 predict	
ecological	and	evolutionary	responses	to	climate	change,	it	 is	crucial	
to	follow	individuals	throughout	their	life	cycle.

In	 this	 study,	we	 investigated	 carry-	over	 effects	 and	 their	 influ-
ence	on	 the	phenological	match	between	an	herbivorous	 insect	 life	
cycle	 stages	 and	 the	 annual	 variation	 in	 environmental	 conditions,	
using	 both	 field	 and	 experimental	 studies.	 Our	 study	 species,	 the	
winter	 moth	 (Operophtera brumata)	 is	 an	 herbivorous	 insect	with	 a	
complex	life	cycle.	In	the	winter	moth	(Figure	1;	see	also	Supporting	
Information),	as	 in	most	arthropods,	temperature	strongly	 influences	
development	and	thus	timing	of	life-	history	events.	The	temperature-	
induced	variation	 in	 phenological	 traits,	 such	 as	 the	 transition	 from	
one	life	stage	to	another,	is	crucial	for	fitness	in	organisms	that	need	to	
feed	or	lay	eggs	on	specific	host-	plant	in	a	specific	period	of	the	year	
(Altermatt,	2010;	Navarro-	Cano	et	al.,	2015;	van	Asch,	Van	Tienderen,	
Holleman,	&	Visser,	2007;	Van	Nouhuys	&	Lei,	2004).	However,	in	the	
winter	moth,	it	is	unknown	whether	the	temperature-	induced	pheno-
logical	 plasticity	of	one	 life	 cycle	 stage	 influences	 the	phenology	of	
later	stages,	i.e.	whether	phenological	carry-over	effects	occur.

We	 specifically	 test	 one	 of	 these	 phenological	 carry	 over	 effects:	
whether	or	not	the	timing	of	egg-	hatching	will	affect	the	timing	of	adult	
eclosion.	We	predict	that	this	will	not	be	the	case	because	of	three	char-
acteristics	of	 the	winter	moth	ecology:	 (1)	 adult	eclosion	 time	affects	
the	hatching	dates	of	their	eggs	(van	Dongen,	Backeljau,	Matthysen,	&	
Dhondt,	1997);	 (2)	optimal	timing	of	egg-	hatching	varies	from	year	to	
year	 (van	Asch,	Salis,	Holleman,	Van	Lith,	&	Visser,	2013;	van	Asch	&	
Visser,	2007;	Visser	&	Holleman,	2001),	and	(3)	at	the	time	when	the	
adult	eclose,	there	are	no	cues	available	to	predict	the	optimal	timing	of	
egg-	hatching	of	the	next	generation.	Thus,	if	timing	of	egg-	hatching	in	
1	year	would	affect	adult	eclosion	date,	this	would	have	carry-	over	ef-
fects	on	the	egg-	hatching	date	of	the	next	generation,	which	are	likely	to	
lead	to	a	phenological	mismatch	with	the	host	plant	as	conditions	during	
adult	eclosion	are	not	predictive	for	the	optimal	time	of	egg-	hatching.

For	egg-	hatching	phenology	not	to	carry	over	to	adult	eclosion	date,	
winter	moths	need	to	adjust	either	their	larval	or	pupal	developmental	

K E Y W O R D S
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time.	Moreover,	we	expect	that	to	regulate	the	duration	of	their	devel-
opmental	stages	they	use	photoperiodic	cues.	Among	all	developmen-
tal	stages,	the	larval	stage	is	likely	the	most	sensitive	to	photoperiod.	
The	pupae	develop	in	the	soil,	at	about	10	cm	depth,	where	photope-
riodic	cues	are	absent,	the	adults	live	only	few	days	and	eclose	during	
a	period	of	the	year	when	the	variation	in	photoperiod	is	dampened	
(winter	solstice)	and	previous	studies	(L.	Salis	&	M.	E.	Visser,	unpubl.	
data)	indicate	that	the	eggs	are	not	sensitive	to	photoperiod.	Thus,	we	
hypothesise	 that	 adult	 phenology	may	be	 regulated	by	photoperiod	
experienced	during	larval	development.

Using	 long-	term	 field	 data	 on	 winter	 moth	 phenology	 (1994–
2014),	we	 analysed	whether	 the	 year-	to-	year	 variation	 in	 timing	 of	
egg-	hatching	differs	from	the	variation	in	timing	of	adult	eclosion,	and	
whether	 adult	 eclosion	date	 affects	 the	 egg-	hatching	dates	 of	 their	
offspring.	Next,	we	experimentally	manipulated	the	photoperiod	ex-
perienced	 by	winter	 moth	 during	 larval	 development	 and	 recorded	
the	phenological	 transitions	from	one	 life	stage	to	another	through-
out	the	entire	life	cycle	until	the	following	generation	to	investigated	
how	photoperiodic	cues	in	one	life	cycle	stage	are	used	to	regulate	the	
	phenology	of	the	entire	life	cycle.

2  | MATERIALS AND METHODS

2.1 | Collection of long- term field data

To	first	investigate	whether	the	phenological	variation	in	egg-	hatching	
date	affects	subsequent	stages	in	the	wild,	we	collected	data	on	tim-
ing	of	winter	moth	adult	eclosion	and	egg-	hatching	in	our	long-	term	

field	study	from	winter	1994	until	spring	2014,	in	four	forests	in	the	
Netherlands	(Doorwerth,	Hoge	Veluwe,	Warnsborn	and	Oosterhout).	
Each	autumn,	we	placed	funnel	traps	on	oak	trees	(Quercus robur)	in	
each	forest	at	several	sites	and	we	caught	adult	winter	moths.	Female	
moths	show	strong	negative	gravitropism	already	shortly	after	pupal	
eclosion	and	thus	we	expected	female	moths	to	climb	the	nearest	tree	
trunk	and	reach	the	trap	not	long	after	eclosion.	Traps	were	checked	
every	other	day	from	late	October	until	early	January.	Due	to	moths’	
natural	climbing	behaviour	and	the	time	interval	in	which	we	checked	
the	traps,	we	assumed	that	adult	catching	dates	can	be	used	as	a	proxy	
for	adult	eclosion	date.	On	the	day	of	capture,	moths	were	brought	
to	the	laboratory,	weighed	and	placed	in	transparent	vials.	Each	vial	
contained	a	female	and,	if	available,	a	male	caught	on	the	same	date	
from	the	same	trap.	All	females	were	provided	with	a	piece	of	tissue	
paper	to	lay	their	eggs	on	and	were	kept	in	an	outdoor	insectarium.	
After	death,	adult	moths	were	removed;	the	paper	tissues	with	eggs	
were	transferred	to	Petri	dishes	and	kept	 in	an	outdoor	 insectarium	
until	hatching.	Egg-	hatching	was	checked	three	times	a	week	and	me-
dian	egg-	hatching	date	was	calculated	as	the	date	at	which	50%	of	the	
clutch	had	hatched.

2.2 | Origin of the experimental animals

To	 perform	 the	 photoperiod	 manipulation	 experiment	 in	 the	 labo-
ratory	 experiment	we	 collected	 adult	winter	moths	 as	 described	 in	
the	 previous	 section	 in	 one	 forest	 (Oosterhout;	 51°52′22.30″N,	
5°50′21.77″E)	from	30	November	to	5	December	2012.	The	clutches	
were	kept	in	an	outdoor	insectarium	exposed	to	natural	photoperiod	

F IGURE  1 Winter	moth	life	cycle.	Adult	
moths	eclose	in	winter	and	lay	eggs	on	
their	host	plant.	Eggs	develop	throughout	
winter	and	hatch	in	spring.	Larvae	feed	on	
buds	and	fresh	leaves	until	pupation.	Pupae	
are	buried	in	the	soil	at	about	10	cm	depth	
and	eclose	as	adults	in	winter.	Thick	arrows	
(in	black)	indicate	the	duration	of	each	life	
cycle	stage;	dashed	arrows	(in	colours)	
indicate	the	temporal	variability	of	each	
event
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and	temperature	conditions	until	the	start	of	the	experiment.	All	lar-
vae	used	in	the	experiment	hatched	in	the	2	days	prior	to	the	starting	
date	(1	May	2013)	and	were	kept	in	the	same	Petri	dish	without	food	
and	water.

2.3 | Laboratory experiment

The	experiment	was	conducted	between	1	May	2013	and	mid-	June	
2014.	At	the	start,	larvae	were	allocated	to	five	artificial	photoperiod	
treatments	 in	 climate-	controlled	 cabinets	 (Sanyo	MIR552/MIR553).	
The	 photoperiod	 treatments	 mimicked	 the	 natural	 change	 in	 day	
length	 (at	 the	 latitude	 of	 the	 study	 site)	 starting	 on	 earlier	 or	 later	
calendar	dates	than	the	control	treatment:	1	April	(very	early	photo-
period);	15	April	 (early	photoperiod);	15	May	(late	photoperiod)	and	
1	June	(very	late	photoperiod).	The	mimicked	starting	date	of	the	con-
trol	treatment	corresponded	to	the	starting	date	of	the	experiment:	
1	May	(control	photoperiod)	(Figure	S1).	For	simplicity,	hereafter	we	
refer	to	the	photoperiodic	treatments	as:	very	early	(EEP),	early	(EP),	
control	(CP),	late	(LP)	and	very	late	(LLP).	All	treatments	started	on	the	
same	day	and	the	schedule	was	adjusted	every	day	following	the	natu-
ral	progressing	change	in	day	length.	Temperature	(12.5°C),	humidity	
(70%–90%)	and	light	sources	(six	lamps,	Philips	TL	mini	8W/33T,	640	
white)	were	kept	 the	 same	 in	 all	 incubators.	 Loggers	 (Thermochron	
iButton,	 HOBO	 pendant	 light	 logger	 and	 TESTO	 humidity	 loggers)	
were	used	to	monitor	conditions	in	the	climate	cabinets.

In	total,	we	used	egg	clutches	from	40	families.	For	each	family,	we	
used	fifteen	newly	hatched	larvae	and	we	randomly	allocated	them	to	
five	photoperiod	treatment	(three	replicates	per	treatment)	following	
a	split-	brood	design.	The	sample	size	was	thus	40	families	×	5	treat-
ments	×	3	 replicates	=	600	 larvae.	 Larvae	were	 fed	ad	 libitum:	 fresh	
oak	leaves	were	given	to	each	individual	three	times	a	week	and	old	
remaining	 leaves	were	 removed.	 Branches	were	 collected	 from	 oak	
trees	 in	 Heteren	 (51°57′21.10″N,	 5°44′36.28″E)	 and	 screened	 for	
presence	of	other	insects.	During	the	experiment,	the	age	of	the	leaves	
followed	the	natural	progression	of	the	season.	Larvae	were	weighed	
3	weeks	 after	 the	 start	 of	 the	 experiment,	 which	 is	 about	 halfway	
through	development,	and	checked	for	pupation	three	times	a	week.

Larval	developmental	time	was	measured	as	the	number	of	days	
from	egg-	hatching	until	pupation	(i.e.	first	day	that	the	larvae	initiated	
the	cocoon	formation).	On	the	day	of	pupation,	each	individual	pupa	
was	weighed	and	transferred	to	a	falcon	tube	with	vermiculite	(sterile	
artificial	soil).	All	pupae	were	placed	in	a	single	climate	cabinet,	kept	
in	darkness,	and	exposed	to	a	temperature	regime	that	mimicked	nat-
ural	soil	temperatures	at	10	cm	depth	(monthly	averages)	until	adult	
eclosion.	From	early	November	until	mid-	January	pupae	were	scored	
for	adult	eclosion	daily.	As	the	adults	emerged,	date	and	weight	were	
recorded.	Pupal	developmental	time	was	measured	as	the	number	of	
days	from	the	first	day	of	pupation	until	adult	eclosion.	Adult	moths	
were	paired	within	their	experimental	group	(i.e.	same	photoperiod	
treatment)	following	a	half-	sib	mating	design:	two	unrelated	females	
were	paired	with	a	single	male.	The	male	was	switched	from	one	fe-
male	to	the	other	every	day	for	a	total	of	4	days.	During	mating,	each	
female	was	provided	with	a	piece	of	rolled	paper	to	lay	eggs	on.	In	the	

period	from	eclosion	until	the	end	of	egg	laying	all	adults	were	kept	
in	 the	same	climate	cabinet	 in	constant	darkness	at	10°C.	Females	
were	removed	5	days	after	mating	had	started.	The	total	number	of	
eggs	 laid	for	each	clutch	was	counted	using	an	optical	microscope.	
Thereafter,	 each	 clutch	was	 divided	 into	 several	 sub-	clutches	 (i.e.	
smaller	 groups	 of	 eggs	 from	 the	 same	 clutch).	The	 average	 size	 of	
each	 sub-	clutch	 was	 approximately	 30	 eggs.	 The	 number	 of	 sub-	
clutches	originating	from	the	same	mother	depended	on	the	size	of	
the	initial	clutch	laid.	Each	sub-	clutch	was	randomly	allocated	to	one	
of	the	three	temperature	treatments	(6.5,	10,	or	12.5°C)	and	placed	
in	 a	 climate	 cabinet.	 Number	 of	 sub-	clutches	 originating	 from	 the	
same	 female	 ranged	between	1	and	10	 replicates	per	 temperature	
treatment	depending	of	the	size	of	the	initial	clutch.	In	all	the	tem-
perature	treatments,	eggs	were	monitored	for	hatching	three	times	
a	week	and	median	egg-	hatching	date	was	calculated	as	the	date	at	
which	 50%	 of	 the	 sub-	clutch	 hatched.	 Egg	 developmental	 time	 of	
each	sub-	clutch	was	recorded	as	the	number	of	days	from	the	start	
of	 the	 temperature	 treatment	until	 egg-	hatching.	This	design,	with	
different	temperature	treatments	during	egg	development,	allowed	
testing	 the	 presence	 of	 an	 interaction	 between	 the	 (larval)	 photo-
period	treatments	and	the	temperature-	depended	egg-	hatching	(i.e.	
to	test	for	effects	of	treatment	on	the	reaction	norm	slopes	of	egg-	
hatching	vs.	temperature).

2.4 | Statistical analysis

2.4.1 | Phenological carry- over effects in the field

To	 analyse	 the	 long-	term	 field	 data,	we	 calculated	 the	 centred	 val-
ues	of	egg-	hatching	date	and	adult	catching	date.	For	both	variables,	
each	observation	(i)	per	year	(j)	was	centred	around	the	respective	an-
nual	mean	(xij	−	x̄j).	To	test	whether	there	was	a	correlation	between	
timing	of	egg-	hatching	and	adult	eclosion	 in	the	previous	winter	we	
performed	a	 linear	mixed-	effects	model	analysis	 (lme4	package	 in	r; 
Bates,	Mächler,	Bolker,	&	Walker,	2015)	with	year	as	random	effect	fol-
lowed	by	an	ANOVA	with	a	Kenward–Roger	approximation	(Halekoh	&	
Højsgaard,	2014).	Next,	to	explore	the	phenological	variation	in	phe-
nology	of	 the	 two	 life	 cycle	 sages,	 egg-	hatching	and	adult	 eclosion,	
across	years,	we	centred	the	annual	mean	(x̄year)	around	the	average	
of	the	total	period	of	the	study	 ([x̄year− x̄total]	where	the	total	period	
was	1994–2013	for	the	adult	emergence	and	1995–2014	for	the	egg-	
hatching	dates)	for	both	variables.	SD	was	calculated	on	the	centred	
values.

2.4.2 | Effect of the photoperiodic treatment on 
larval, pupal and egg developmental time

Experimental	data	on	larval,	pupal	and	egg	developmental	time	were	
analysed	using	a	Cox	proportional	hazard	mixed	model	(coxme	pack-
age	in	r).	In	all	analyses,	the	photoperiod	treatment	was	fitted	as	fixed	
effect	and	family	identity	(mother	ID)	as	random	effect.	In	the	analysis	
of	pupal	developmental	time,	we	also	included	pupal	weight	as	fixed	
effect.	In	the	analysis	of	egg	developmental	time	(F1),	the	full	model	
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tested	 included	 the	 interaction	 between	photoperiod	 and	 tempera-
ture	treatment	and	mother	clutch	size	as	a	fixed	effect.	Thereafter,	we	
used	an	ANOVA	for	model	selection.

To	test	whether	the	differences	in	developmental	time	among	pho-
toperiod	 (larval)	 treatments	 followed	a	directional	 trend,	we	used	the	
ordered	heterogeneity	 test	 (hereafter	 referred	 to	as	OH	test)	 (Rice	&	
Gaines,	 1994).	This	 test	 uses	 the	 opposite	 of	 the	p-	value	 (1	− p)	 ob-
tained	 from	 the	 non-	directional	 test	 (here	 the	 proportional	 hazard	
model)	and	it	multiplies	it	by	the	Spearman’s	correlation	coefficient	(ρ)	
of	 the	 rank-	order	 responses	of	 the	 treatments	 to	 test	 the	probability	
for	a	trend	across	the	treatments	(i.e.	ρ	×	[1	–	p]).	The	resulting	absolute	
value	of	this	multiplication	is	then	compared	to	a	table	presented	in	Rice	
and	Gaines	(1994)	for	significance.	In	the	two-	tailed	version	of	this	test,	
the	final	obtained	p	value	is	doubled.	All	OH	tests	used	were	two-	tailed.

Differences	in	larval,	pupal	and	adult	weights	among	experimen-
tal	 treatments	were	analysed	using	a	 two-	tailed	OH	 test.	To	obtain	
the	 model	 estimates,	 we	 performed	 a	 linear	 mixed-	effects	 model	
analysis	(lme4	package	in	r)	with	treatment	as	fixed	effect	and	family	
identity	 (mother	 ID)	 as	 random	effect	 followed	 by	 an	ANOVA	with	
Kenward–Roger	approximation	(Halekoh	&	Højsgaard,	2014)	for	the	
model	selection.	The	model	estimates	and	p	values	were	used	in	the	
OH	test.	In	all	analysis,	we	tested	the	hypothesis	that	differences	in	
weight	followed	a	directional	trend	across	the	treatments.	To	analyse	
differences	 in	 temperature,	humidity	 and	 light	 intensity	data	during	
the	larval	development,	we	also	used	an	OH	test	and	model	estimates	
were	obtained	 from	an	ANOVA.	Survival	differences	among	groups	
in	the	number	of	individuals	that	pupated,	eclosed	and	laid	fertilised	
eggs	were	 analysed	 using	 a	 generalised	 linear	mixed-	effects	model	
analysis	with	binomial	error	distribution	 (glmer	 function,	 lme4	pack-
age	in	r;	family	=	binomial)	with	treatment	as	fixed	effect	and	family	
identity	(mother	ID)	as	random	effect.	We	then	compared	the	model	
with	and	without	the	main	effect	using	parametric	bootstrap	methods	
for	model	selection	 (PBmodcomp	 function	 in	the	r	package	pbkrtest; 
nsim	=	1,000;	 Halekoh	 &	 Højsgaard,	 2014).	 Differences	 in	 female	
clutch	size	(number	of	eggs	laid	by	a	female	that	successfully	hatched)	
among	treatments	were	analysed	using	a	linear	mixed-	effects	model	
analysis	(lme4	package	in	r)	with	treatment	as	fixed	effect	and	family	
identity	 (mother	 ID)	 as	 random	effect,	 also	 followed	by	 an	ANOVA	
for	model	 selection.	All	 analyses	were	 performed,	 using	 r	 software	
	(version	3.0.2).

3  | RESULTS

3.1 | Phenological carry- over effects in the field

Long-	term	field	data	showed	that	 there	are	phenological	carry-	over	
effects	of	timing	of	adult	catching	date	 (here	considered	as	a	proxy	
for	adult	eclosion	date)	on	egg-	hatching	date	(Figure	2a;	F-	test	with	
Kenward–Roger	approximation	F1,4364.7	=	833.04;	p < .001).	Eggs	laid	
by	female	moths	caught	later	in	the	year	(i.e.	late	December)	tend	to	
have	a	later	egg-	hatching	date	next	spring	compared	to	eggs	laid	by	
females	caught	earlier	in	the	season.	Next,	we	find	that,	despite	the	
large	variation	observed	in	annual	mean	egg-	hatching	date	(Figure	2b;	

SDegg-hatching	=	6.7),	mean	adult	catching	date	varies	little	from	year-	to-	
year	(Figure	2b;	SDadult	catching	=	2.8).

3.2 | Effect of the photoperiod treatment on larval 
developmental time and performance

The	photoperiod	treatment	experienced	during	larval	development	had	
no	systematic	effect	on	larval	developmental	time	(Figure	3a,	n	=	443).	
Significant	differences	in	larval	developmental	time	between	treatments	
(Table	1a)	did	not	show	a	directional	trend	across	treatments	(Table	1b).

The	photoperiod	treatment	also	did	not	have	a	systematic	effect	
on	 larval	weight	although	 there	were	differences	among	 treatments	
(Table	 S2a	 and	 Figure	 S3a).	Additionally,	 there	were	 no	 differences	
in	 the	 number	 of	 larvae	 pupated	 among	 treatments	 (LRT,	χ2 =	3.76;	
df	=	4;	p = .44;	see	also	Table	S1	for	the	life	table).

All	three	variables	measured	in	the	climate	cabinets	during	larval	
development,	 daily	 mean	 temperature,	 humidity	 and	 light	 intensity,	
differed	among	treatments	(one	cabinet	per	treatment;	Table	S2b	and	
Figure	S4).	However,	 in	none	of	 them	the	differences	were	ordered	
along	a	directional	trend	(Table	S2b).

F IGURE  2  (a)	Relationship	between	adult	catching	date	and	egg-	
hatching	date.	All	values	are	centred	around	the	annual	mean.	Each	
data	point	represents	an	individual	moth	and	its	egg	clutch	(long-	term	
field	data;	1994–2014).	(b)	Fluctuations	of	egg-	hatching	and	adult	
catching	date.	Values	are	centred	around	the	mean	of	the	entire	
study	period	(1994–2014)
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3.3 | Effect of the photoperiod treatment on pupal 
performance and timing of adult eclosion

Pupal	developmental	time	significantly	differed	between	treatments	
(Table	1a)	and	the	differences	were	ordered	along	the	following	pho-
toperiod	 treatment:	 EEP	≥	EP	≥	CP	≥	LP	≥	LLP	 (Table	1b).	 Pupal	 de-
velopmental	time	was	longer	when	larvae	were	exposed	to	EEP	and	
EP	treatments	to	pupal	developmental	time	of	larvae	exposed	to	LP	
and	LLP	treatments.

The	photoperiod	treatment	had	an	effect	on	pupal	weight	at	the	
first	day	of	pupation	 (Table	1a	and	Figure	S3b),	however,	 this	effect	
was	 not	 directional	 (Table	 S2a).	 Adult	 weight	 did	 not	 differ	 among	
treatments	(Table	S2a	and	Figure	S3c).	We	found	no	differences	in	the	
numbers	of	adults	emerged	among	treatments	(LRT,	χ2 =	3.97;	df	=	4;	
p = .41;	Table	S1),	and	there	were	no	differences	in	the	number	of	eggs	
(that	 successfully	 hatched)	 laid	 by	 adult	 females	 among	 treatments	 
(F-	test	with	Kenward–Roger	approximation	F1,60.5	=	1.586;	p = .19).

3.4 | Effect of the photoperiod treatment on 
timing of egg- hatching of the F1 generation

The	 photoperiod	 treatments	 experienced	 during	 larval	 develop-
ment	 had	 a	 significant	 effect	 on	 egg	 developmental	 time	 of	 the	

F IGURE  3 Developmental	time	of	winter	moth	life	cycle	stages:	
(a)	larval;	(b)	pupal	and	(c)	F1	egg	developmental	time.	Colours	mark	
the	five	photoperiod	treatments.	The	photoperiod	treatment	affected	
pupal	and	egg	developmental	time	but	not	larval	developmental	
time	(see	Table	1	for	statistics).	Eggs	were	kept	at	10°C	throughout	
development,	similar	patterns	are	found	in	the	6.5	and	12.5°C	
temperature	treatments	(see	Supporting	Information)

TABLE  1  (a)	Results	of	the	analysis	of	larval,	pupal	and	egg	
developmental	time	for	the	effects	of	the	photoperiod	treatment,	
temperature	and	pupal	weight.	Test	statistic	and	p-	values	(pa)	were	
obtained	with	coxme	proportional	hazard	model	per	each	life	cycle	
stage	separately.	(b)	Results	of	the	ordered	heterogeneity	test	(OH	
test).	The	OH	test	was	used	to	test	whether	the	duration	of	each	
stage	followed	a	directional	trend	across	photoperiodic	treatments.	
Spearman’s	rank	correlation	coefficient	(ρ),	the	test	statistics	
(ρ ×	[1	−	pa])	and	p-	values	(pb)	obtained	from	Rice	and	Gaines	(1994)	
are	presented

(a) Proportional hazard model

χ2 df pa

Larval	developmental	time

Treatment 61.1 4 <.001***

Pupal	developmental	time

Treatment 184.7 4 <.001***

Pupal	weight 5.2 1 .02*

Egg	developmental	time	(F1)

Treatment	×	Temperature 18.1 8 .02*

(b) Ordered heterogeneity test

ρ OH test pb

Larval	developmental	time 0 0 1

Pupal	developmental	time 1 1 <.001***

Egg	developmental	time	(F1) 1 1 <.001***

Significant	 values	 are	 in	 bold	 and	 asterisks	 indicate	 different	 levels	 of	
significance.
ap	value	calculated	with	ANOVA.
bp	value	obtained	as	in	Rice	and	Gaines	(1994).
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following	generation.	The	strength	of	this	effects	differed	for	the	dif-
ferent	 temperatures	 at	which	 the	 eggs	were	 kept	 as	 the	 interaction	
treatment	×	temperature	 was	 significant	 (Table	1a;	 see	 Figure	3c	 for	
the	10°C	treatment	and	Figure	S2	for	the	6.5	and	12.5°C	treatment).	
The	 differences	 in	 egg	 developmental	 time	 among	 treatments	 were	
ordered	along	the	reversed	order	found	for	the	pupal	developmental	
time:	EEP	≤	EP	≤	CP	≤	LP	≤	LLP	(Table	1b).	Eggs	laid	by	adults	exposed	
to	the	early	larval	treatments	(EEP	and	EP)	had	shorter	developmental	
time	than	eggs	 laid	by	adults	 from	the	 late	 larval	 treatments	 (LP	and	
LLP).	Maternal	clutch	size	of	the	mother	did	not	affect	egg	developmen-
tal	time	(ANOVA	log	likelihood	=	−1431.6;	χ2	=	0.349;	df	=	1;	p = .55).

4  | DISCUSSION

The	phenological	match	between	a	herbivorous	insect	and	its	host	plant	
is	crucial	for	the	insect’s	fitness.	Winter	moth’s	larvae	must	synchronise	
their	egg-	hatching	with	the	opening	of	the	oak’s	buds	to	maximise	their	
fitness.	Both	winter	moth	and	oak	phenology	are	strongly	 influenced	
by	spring	temperatures.	As	spring	temperature	patterns	fluctuate	from	
year	to	year,	optimal	timing	of	egg-	hatching	also	varies.	Warm	spring	
temperatures	lead	to	an	early	oak’s	bud	burst,	and	thus	an	earlier	opti-
mal	time	of	egg-	hatching	for	the	winter	moth.	However,	colder	temper-
atures	in	a	subsequent	year	will	lead	to	later	phenology	and	thus	later	
optimal	time	of	egg-	hatching.	Thus,	the	timing	of	egg-	hatching	in	1	year	
should	not	be	carried	over	to	the	egg-	hatching	timing	in	the	next	year	as	
this	is	likely	to	lead	to	a	phenological	mismatch	in	the	next	generation.

In	this	study,	we	explored	the	phenology	of	winter	moth	life	stages	
and	 we	 find	 that	 adult	 eclosion	 phenology	 weakly	 correlates	 with	
egg-	hatching	phenology	of	 the	following	generation	 (long-	term	data	
(1994–2014);	 Figure	2a)	 as	 already	 shown	 in	 previous	 studies	 (van	
Dongen	 et	al.,	 1997).	On	 the	other	 hand,	we	 find	 little	 inter-	annual	
variation	 in	 adult	 eclosion	 phenology	 (Figure	2b)	 in	 contrast	 with	
larger	variation	 in	egg-	hatching	phenology,	 suggesting	 that	variation	
of	 egg-	hatching	date	 is	 not	 carried	over	 to	 adult	 eclosion	date.	We	
hypothesised	 the	 small	 inter-	annual	 variation	 in	 adult	 eclosion	 date	
to	be	a	 result	of	 a	phenological	 compensation	during	one	 (or	more)	
life	 stage(s).	 In	 our	 experimental	 study,	we	 find	 that	 a	 phenological	
shift	 in	egg-	hatching	is	partially	compensated	by	adjusting	pupal	de-
velopment.	 The	 underlying	 mechanism	 is	 mediated	 by	 photoperiod	
perceived	by	the	larvae	that	in	turn	affects	pupal	developmental	time.	
We	argue	that	this	compensatory	mechanism	is	 likely	to	 lead,	 in	the	
field,	to	stronger	within-	year	synchronisation	among	adults	originated	
from	early-		and	late-	hatching	eggs	and	that,	because	of	this	synchroni-
sation,	the	reproductive	fitness	increase	as	the	chances	to	find	a	mate	
and	reproduce	are	increased.

In	 our	 laboratory	 experiment,	 the	 photoperiod	 experienced	 as	
larvae	 influenced	 the	 subsequent	pupal	developmental	 time.	 Larvae	
exposed	 to	 late	 photoperiod	 completed	 pupal	 development	 faster	
than	larvae	exposed	to	early	photoperiod.	The	observed	differences	in	
pupal	developmental	time	might	have	been	caused	by	the	difference	
in	pupal	weight	among	treatments.	A	plausible	proximate	explanation	
for	 faster	 pupal	 development	 in	 individuals	 from	 late	 photoperiod	

treatments	 is	 that	 heavier	 pupae	 have	 larger	 energy	 reserves	 and	
thus	 develop	 faster.	However,	 although	 pupal	weight	was	 higher	 in	
the	late	treatments,	it	was	not	significantly	ordered	along	treatments.	
In	addition,	 it	 remains	unclear	how	 larvae	exposed	 to	 late	photope-
riod	treatments	gained	more	weight.	The	length	of	photoperiod	could	
have	acted	via	both	direct	and	indirect	effects.	The	first	mechanisms	
could	work	via	 foraging	activity	being	enhanced	during	 longer	days.	
However,	 to	 reduce	diurnal	 predation-	risk,	 caterpillars	 are	 expected	
to	 feed	 more	 often	 at	 night	 rather	 than	 during	 daytime	 (Berger	 &	
Gotthard,	2008;	Clark,	1994;	Heinrich,	1979;	Stamp	&	Casey,	1993).	
Indirectly,	 longer	 photoperiod	 might	 induce	 physiological	 changes	
in	 resource	acquisition	 rates	 that	would	 lead	to	 larger	pupal	weight.	
Interestingly,	 in	 damselflies,	 the	 photoperiod	 treatment	 directly	 in-
fluenced	larvae	developmental	time	and	the	 late	developing	 individ-
uals	had	lower	body	mass	compared	to	early-	hatching	individuals	(De	
Block	&	Stoks,	2004).

The	differences	 among	 the	 climate	 cabinets	 during	 larval	 devel-
opment	might	have	influenced	larval	developmental	time.	Differences	
in	relative	humidity	and	light	intensity	were	comprised	within	a	small	
biological	meaningful	 range	 (Figure	 S3).	However,	 in	 the	 analysis	 of	
larval	developmental	time,	we	cannot	disentangle	between	the	effect	
of	photoperiod	and	temperature.	In	the	analysis	of	the	pupal	and	egg	
(F1)	developmental	time,	none	of	the	among-	cabinet	differences	were	
ordered	 along	 the	 photoperiod	 treatments,	 therefore	 it	 is	 unlikely	
that	they	influenced	the	patterns	found	in	the	developmental	time	of	
subsequent	life	cycle	stages.	Similarly,	we	found	differences	in	larval	
and	pupal	weight	among	treatments	but	these	differences	were	also	
not	ordered.	The	conditions	experienced	by	the	eggs	before	the	start	
of	experiment	might	have	also	influenced	the	outcome	of	the	exper-
iment	but	we	believe	that	is	not	the	case	for	several	reasons.	First,	all	
the	eggs	were	kept	in	the	same	conditions	and	hence	any	such	effect	
would	make	the	differences	between	treatment	groups	smaller,	rather	
than	larger.	Moreover,	previous	work	(L.	Salis	&	M.	E.	Visser,	unpubl.	
data)	suggests	no	effect	of	photoperiod	experienced	during	the	egg	
stage	on	timing	of	egg-	hatching.

We	tested	whether	speeding	up	or	slowing	down	pupal	develop-
mental	rate	affected	fitness.	The	photoperiod	treatments	did	not	af-
fected	fecundity	nor	mortality	in	any	of	the	life	cycle	stages,	suggesting	
no	costs	of	the	compensation	during	pupal	development.	However,	as	
in	 this	 study	we	 focused	on	 the	phenological	mismatch,	we	did	not	
test	whether	 carry-	over	effects	 influenced	other	 traits	 (e.g.	 reduced	
immunity	function	or	higher	susceptibility	to	oxidative	stress	in	faster	
developing	individuals).

The	perceived	photoperiod	experienced	as	larvae	also	influenced	
egg	developmental	time	of	the	F1	generation,	but	in	the	opposite	di-
rection	to	the	effect	observed	for	pupal	development:	adult	parents	
originating	 from	 larvae	 exposed	 to	 late	 photoperiods	 laid	 eggs	 that	
had	 longer	 developmental	 time	 compared	 to	 eggs	 laid	 by	 parents	
originating	 from	 larvae	 exposed	 to	 early	 photoperiods	 (Figure	4).	
Thus,	 larvae	 exposed	 to	 a	 late	 season	 photoperiod	 eclosed	 sooner,	
but	 their	 eggs	 hatched	 later.	 Interestingly,	 egg	 developmental	 time	
was	different	among	photoperiod	treatments	 in	 interaction	with	the	
temperature	treatment,	 indicating	that	the	plasticity	to	egg-	hatching	
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to	 temperature	may	 also	 be	 affected	 by	 the	 photoperiod	 perceived	
during	larval	stage.

We	interpret	the	effect	that	adults	exposed	as	larvae	to	late	pho-
toperiod	eclosed	earlier	compared	to	the	control	group	but	laid	eggs	
that	hatched	late	as	an	“anticipatory	maternal	effect”	as	adaptively	in-
fluences	offspring	developmental	trajectories	and	increase	fitness	 in	
their	future	environment	(Burgess	&	Marshall,	2014;	Marshall	&	Uller,	
2007;	 Uller,	 2008).	Moths	 are	 locally	 adapted	 to	 the	 phenology	 of	
trees	at	the	individual	level	(van	Dongen	et	al.,	1997).	This	means	that	
in	the	same	area	in	a	given	year,	trees	with	early	and	late	phenology	are	
both	present	as	there	 is	ample	spatial	variation	 in	phenology	among	
trees	 (Crawley	 &	 Akhteruzzaman,	 1988;	 Fox,	Waddell,	 Grokters,	 &	
Mousseau,	1997).	Previous	study	by	van	Dongen	et	al.	find	that	early	
individuals	are	likely	to	be	caught	on	trees	with	earlier	phenology	and	
suggesting	that	early	egg	clutches	will	be	laid	on	early	trees	while	late	
clutches	will	be	laid	more	frequently	on	late	trees.	In	our	experiment,	
all	adult	females	experienced	their	own	early	(or	late)	timing	as	an	egg	
as	being	successful	as	food	quality	was	kept	high	throughout	the	lar-
val	rearing.	Therefore,	the	parental	environment	may	have	served	as	a	
reliable	predictor	of	the	offspring’	timing	of	food	availability	in	relation	
to	this	spatial	variation	in	tree	phenology.	This	transfer	of	information	
from	parents	 to	 offspring	 is	 similar	 to	what	was	 found	 in	 the	 same	
species	when	the	timing	of	egg-	hatching	relative	to	the	bud	opening	
of	the	host	plant	was	manipulated	(van	Asch,	Julkunen-	Tiito,	&	Visser,	
2010).	 Similar	 patterns	were	 also	 found	 in	 other	 insect	 species	 and	
in	frogs	(Mousseau	&	Dingle,	1991;	Richter-	Boix,	Orizaola,	&	Laurila,	
2014).	 It	 is	worth	noticing	that,	due	to	the	experimental	setting,	the	
total	developmental	time	(from	the	start	of	the	experiment	until	the	
egg-	hatching	of	 the	F1)	was	 longest	 in	 the	early	photoperiod	 treat-
ments	 (Figure	4).	That	 is	 because	 the	 differences	 in	 pupal	 develop-
mental	time	among	treatments	were	larger	than	the	differences	in	the	
F1	egg	developmental	time.

Photoperiodic	 responses	 in	 insects	 represent	 highly	 evolved	 ad-
aptations	to	daily	and	seasonal	changes	in	biotic	and	abiotic	environ-
ment.	They	have	been	extensively	 studied,	 particularly	with	 respect	
to	 the	 processes	 of	 initiation	 and	 termination	 of	 diapause	 ((Tauber,	

Tauber,	&	Masaki,	1986)	and	references	therein).	Our	results	point	to	a	
major	role	of	photoperiod	in	the	regulation	of	phenological	carry-	over	
effects	in	an	organism	with	a	complex	life	cycle.	Using	the	photoperi-
odic	cues,	which	provide	information	on	the	relative	time	of	the	year,	
winter	moths	compensated	an	(experimentally	induced)	phenological	
shift	 occurring	 during	 an	 early	 life	 stage	 during	 subsequent	 stages.	
This	compensatory	mechanism	is	expected	to	be	adaptive	as	increases	
likelihood	to	find	a	mate,	and	thus	reproductive	fitness,	as	well	as	local	
adaptation	to	tree	phenology,	increasing	the	phenological	match	with	
the	 host-	plant.	Overall,	 these	 findings	 stress	 the	 importance	 of	 un-
derstanding	(phenological)	carry-	over	effects	to	forecast	the	impact	of	
global	change	in	species	with	complex	life	cycles.
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