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Abstract
Zooplankton	have	evolved	 several	mechanisms	 to	deal	with	environmental	 threats,	
such	as	ultraviolet	radiation	(UVR),	and	in	order	to	identify	strategies	inherent	to	or-
ganisms	exposed	to	different	UVR	environments,	we	here	examine	life-	history	traits	
of	two	lineages	of	Daphnia pulex.	The	lineages	differed	in	the	UVR	dose	they	had	re-
ceived	at	their	place	of	origin	from	extremely	high	UVR	stress	at	high-	altitude	Bolivian	
lakes	to	low	UVR	stress	near	the	sea	level	in	temperate	Sweden.	Nine	life-	history	vari-
ables	of	each	lineage	were	analyzed	in	laboratory	experiments	in	the	presence	and	the	
absence	of	sub-	lethal	doses	of	UVR	(UV-	A	band),	and	we	identified	trade-	offs	among	
variables	through	structural	equation	modeling	(SEM).	The	UVR	treatment	was	detri-
mental	to	almost	all	life-	history	variables	of	both	lineages;	however,	the	Daphnia	his-
torically	exposed	to	higher	doses	of	UVR	(HighUV)	showed	a	higher	overall	fecundity	
than	those	historically	exposed	to	lower	doses	of	UVR	(LowUV).	The	total	offspring	
and	ephippia	production,	as	well	as	the	number	of	clutches	and	number	of	offspring	at	
first	 reproduction,	was	directly	affected	by	UVR	 in	both	 lineages.	Main	differences	
between	lineages	involved	indirect	effects	that	affected	offspring	production	as	the	
age	at	first	reproduction.	We	here	show	that	organisms	within	the	same	species	have	
developed	different	strategies	as	responses	to	UVR,	although	no	increased	physiologi-
cal	 tolerance	or	plasticity	was	 shown	by	 the	HighUV	 lineage.	 In	addition	 to	known	
tolerance	strategies	to	UVR,	including	avoidance,	prevention,	or	repairing	of	damages,	
we	here	propose	a	population	strategy	that	includes	early	reproduction	and	high	fertil-
ity,	which	we	show	compensated	for	the	fitness	loss	imposed	by	UVR	stress.
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1  | INTRODUCTION

Natural	climate	differences	across	geographical	regions	affect	the	way	
species	 respond	 to	 alterations	 in	 environmental	 variables,	 including	
ultraviolet	radiation	(UVR).	The	interactions	between	climate	change	
and	UVR	have	been	amply	reported	(Bornman	et	al.,	2015;	Erickson,	
Sulzberger,	Zepp,	&	Austin,	2015;	Williamson	et	al.,	2014).	It	has	also	

been	suggested	that	surface	levels	of	UVR	will	follow	the	recovery	of	
stratospheric	ozone	during	 the	 first	half	of	 the	 twenty-	first	century,	
although	changes	in	cloudiness	and	greenhouse	gas	emissions	will	play	
a	 key	 role	 (Medina-	Sánchez	 et	al.,	 2013).	As	UVR	wavelengths	may	
strongly	 affect	vital	 compounds	 (such	as	DNA	and	proteins,	 leading	
to	molecular	damages,	Sommaruga	&	Buma,	2000),	different	aspects	
of	 climate	 change	 interacting	with	UVR	have	been	 shown	 to	 affect	
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plankton	 communities	 and	 their	 ecosystem	 functions	 (Häder	 et	al.,	
2015;	 Hansson	 &	 Hylander,	 2009;	 Hays,	 Richardson,	 &	 Robinson,	
2005;	Winder	 &	 Schindler,	 2004).	 Some	 of	 them	 are	 linked	 to	 the	
colored	 dissolved	 organic	 matter	 (CDOM),	 which	 absorbs	 sunlight,	
including	UVR,	 protecting	 plankton	 from	 the	damaging	UVR	 (Finkel	
et	al.,	2009).	Reduced	acidification,	changes	in	runoff	and	land	use,	as	
well	as	bleaching	of	CDOM,	may	enhance	the	exposure	of	plankton	
communities	to	solar	UVR	(Erickson	et	al.,	2015).

In	lentic	systems,	zooplankton	play	a	key	role	transferring	energy	
and	matter	from	primary	producers	to	higher	trophic	levels.	Thus,	any	
factor	 that	 potentially	 damages	 zooplankton	 may	 affect	 the	 whole	
ecosystem	 via	 trophic	 interactions	 (Häder,	 Helbling,	 Williamson,	
&	 Worrest,	 2011;	 Häder	 et	al.,	 2015;	 Rautio	 &	 Tartarotti,	 2010).	
Additionally,	 it	 has	 been	 suggested	 that	 interactions	 between	 spe-
cies	with	different	tolerance	to	UVR	may	also	alter	the	dynamics	and	
structure	of	the	ecosystem	(Fernández	&	Rejas,	2017;	Hansson,	2004;	
Sommaruga,	2003).	Two	groups	of	strategies	could	influence	the	zoo-
plankton	tolerance	to	UVR:	The	first	involves	avoiding	or	preventing	
the	damage,	either	behaviorally	(through	vertical	migration,	Hylander	
&	Hansson,	2010;	Kessler,	Lockwood,	Williamson,	&	Saros,	2008)	or	
physiologically	 (through	 photo-	protective	 compounds	 as	melanin	 or	
carotenes,	Rautio,	Bonilla,	&	Vincent,	2009;	Rautio	&	Korhola,	2002).	
The	second	group	of	strategies	repairs	 the	damage	after	 it	has	hap-
pened,	either	by	photo-	enzymatic	repair	(PER;	“light	repair”)	or	nucle-
otide	excision	repair	(NER;	“dark	repair”;	Hansson	&	Hylander,	2009;	
Mitchell	&	Karentz,	1993;	Zagarese,	Feldman,	&	Williamson,	1997).

As	 the	use	of	any	 (or	both)	of	 the	strategies	 is	potentially	costly	
(Gabriel,	Luttbeg,	Sih,	&	Tollrian,	2005;	Tollrian	&	Heibl,	2004),	it	may	
be	expected	that	lineages	exposed	to	higher	doses	of	UVR	are	adapted,	
or	at	least	have	a	higher	capacity	to	acclimatize	to	it.	Herby,	we	refer	
to	acclimatization	as	short-	term	physiological	adjustments	that	occur	
during	an	organism’s	lifetime	in	response	to	transitory	changes	in	envi-
ronmental	conditions.	In	contrast,	adaptation	is	the	process	of	genetic	
change	that	accumulates	over	a	time	scale	of	many	generations	in	re-
sponse	to	a	specific	environment	of	an	organism	(Morgan-	Kiss,	Priscu,	
Pocock,	Gudynaite-	Savitch,	&	Huner,	2006).	This	can	be	achieved	by	

(1)	 adjusting	 to	 the	 environmental	 conditions	 through	 phenotypic	
plasticity,	or	 (2)	natural	 selection	 for	more	UVR	resistant	 individuals	
in	the	population.

Although	plasticity	 in	 a	 trait	 has	been	 suggested	 as	 an	 adaptive	
mechanism	 that	 allows	 organism	 to	 optimally	 respond	 to	 environ-
mental	heterogeneity	(Alpert	&	Simms,	2002;	Callahan,	Dhanoolal,	&	
Ungerer,	2005),	the	 limits	between	plasticity	and	adaptation	are	still	
poorly	understood	among	 zooplankton	 taxa.	A	geographical	 genetic	
differentiation	among	European	Daphnia magna	populations	has	been	
reported	as	evidence	of	local	adaptation	(Mitchell	&	Lampert,	2000).	
Hence,	lineages	with	contrasting	UVR	regimens	may	display	different	
traits	to	deal	with	UVR,	and	the	way	in	which	organisms	handle	the	
associated	 trade-	offs	 between	 costs	 and	 benefits	 (e.g.,	 life	 span	vs.	
reproduction)	of	the	displayed	strategy	should	be	reflected	in	their	life-	
history	responses.

Based	on	the	assumption	that	actual	life-	histories	are	evolutionary	
stable	while	the	trade-	offs	can	change	and	evolve	(Leroi,	Chippindale,	
&	Rose,	1994),	we	hypothesized	that	a	lineage	that	has	evolved	in	a	
high	UVR	environment	would	be	less	influenced	by	UVR	stress	than	
a	 lineage	 that	 has	 evolved	 under	 lower	 UVR	 exposure.	 Hence,	 we	
have	here	addressed	 the	 life-	history	patterns	by	which	 two	nonpig-
mented	 lineages	of	Daphnia pulex	 from	different	UVR	environments	
endure	UVR	exposure.	Using	structural	equation	modeling	(SEM),	we	
analyzed	causal	relationships	in	life-	history	traits	of	the	following:	(1)	
a	 lineage	from	a	high	UVR	regime	region	 in	 the	high-	altitude	Andes	
(Bolivia),	naturally	exposed	 to	extreme	UVR	conditions	year	around,	
and	(2)	a	lineage	from	a	low	UVR	regime	region	(Sweden),	seasonally	
exposed	to	medium	levels	of	UVR.

2  | MATERIALS AND METHODS

2.1 | Origin of lineages

Two	 lineages	 of	 D. pulex	 from	 different	 UVR	 environments	 were	
cultured	 under	 laboratory	 conditions.	 The	 first	 population	 (hereaf-
ter	referred	as	HighUV)	was	hatched	from	ephippia	originating	from	
Totora-	Khocha	Lake	(17.46°S–65.63°W),	a	high-	altitude	lake	located	
at	3730	m	a.s.l.	 in	the	Central	Andes	of	Bolivia.	This	 is	one	of	many	
fishless	 lakes	of	glacial	origin	of	 the	 tropical	Andes,	which	 later	be-
came	a	reservoir.	Due	to	their	latitude,	tropical	high-	altitude	Andean	
lakes	 neither	 present	 ice	 cover	 during	 the	 winter	 nor	 stratification	
during	the	summer,	but	have	extreme	diel	variations	in	temperature,	
strong	winds,	and	extremely	high	levels	of	UVR	(Aguilera,	Lazzaro,	&	
Coronel,	2013;	Campero,	Moreira,	Lucano,	&	Rejas,	2011).	The	mean	
and	maximum	depths	of	the	Totora-	Khocha	Lake	are	approximately	
2.8	and	13	m,	respectively,	although	depth	can	decrease	dramatically	
during	 the	 dry	 season	 (April–November).	 Attenuation	 depths	 (Z1% 
UVA)	 range	 from	0.40	 to	 2.98	m	 in	 the	 lakes	 of	 the	 area	 (Aguilera	
et	al.,	2013),	depending	on	the	CDOM	content.

The	 second	Daphnia	 lineage	 (hereafter	 referred	 as	 LowUV)	was	
obtained	 from	 Lake	Dalby	Quarry,	 a	 low-	altitude,	 low-	UVR	 site,	 lo-
cated	in	southern	Sweden	(55.66°N–13.40°E).	The	lake	that	is	located	
at	approximately	95	m	a.s.l.	has	a	maximum	depth	of	about	10	m	and	

F IGURE  1 Spectral	simulated	irradiances	in	summer	and	
winter	solstices	of	the	high	(Bolivia)	and	low	(Sweden)	UVR	sites,	
respectively.	Solid	lines	represent	irradiances	at	the	HighUV	site,	and	
dashed	lines	irradiances	at	the	LowUV	site	(PV	Lighthouse	Pty,	2014)
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contains	a	sparse	fish	population	of	rainbow	trout	(Oncorhynchus my-
kiss;	Ekvall,	Hylander,	Walles,	Yang,	&	Hansson,	2015).

The	 calculated	 noon	 surface	 irradiances	 at	 340	nm	 (UVA)	 for	
the	 Totora-	Khocha	 Lake	 during	 the	 summer	 and	 winter	 solstices	
are	 approximately	 71	 and	 45	μW/cm2,	 respectively	 (PV	 Lighthouse	
Pty,	2014),	whereas	 the	 irradiances	at	Dalby	Quarry	Lake	are	about	
53	and	8	μW/cm2	 for	summer	and	winter	solstices,	 respectively	 (PV	
Lighthouse	Pty,	2014).	Thus,	the	HighUV	lineage	potentially	receives	
an	irradiance	one-	third	higher	in	summer	and	almost	five	times	higher	
in	winter	than	the	LowUV	lineage	(Figure	1).	 In	addition,	the	LowUV	
lineage	was	kept	in	the	laboratory	for	more	than	100	generations	ex-
posed	only	 to	photosynthetically	 active	 radiation	 (PAR)	provided	by	
warm-	white	lamps	(Aura	Ultimate	Long	Life	36W)	at	12:12	light:dark	
cycles.

2.2 | Experimental setup

In	the	laboratory,	the	acclimatization	of	both	lineages	was	performed	
by	 keeping	 them	 separately	 at	 20°C	 and	12:12	hr	 light:dark	 photo-
period	(Taghavi,	Farhadian,	Soofiani,	&	Keivany,	2013),	for	60	days.	All	
animals	were	fed	ad libitum	three	times	a	week	with	an	algal	culture	
mainly	composed	of	Scenedesmus	sp.

A	 life	 table	 experiment	was	 performed	 to	 quantify	 life-	history	
traits	of	both	Daphnia	 lineages	to	UVR.	Ten	randomly	chosen	neo-
nates	of	each	 lineage	 (	 ̴	2	day	old)	were	 isolated	and	placed	under	
UVR	or	Non-	UVR	treatments.	UVR	treatment	was	applied	by	cov-
ering	the	experimental	flasks	with	a	UVR-	transparent	acrylic	sheet	
(UV-	transmitting	 PLEXIGLAS®	 GS;	 Röhm	 GS	 2458;	 Darmstadt,	
Germany)	that	has	an	average	transmittance	of	85%	between	300	
and	400	nm,	while	the	Non-	UVR	treatment	was	achieved	through	a	
UVR-	screening	acrylic	sheet	(UV-	absorbing	PLEXIGLAS®	GS;	Röhm	
GS	 233;	 Darmstadt,	 Germany)	 that	 cuts	 100%	 radiation	 below	
370	nm.	For	a	full	spectral	transmittance	of	plexiglasses	see	Hansson,	
Hylander,	and	Sommaruga	 (2007).	For	both	treatments,	ultraviolet	
radiation	at	an	intensity	of	135	μW	cm2	was	provided	by	three	UVR	
fluorescent	lamps	(UVA-	340;	Q-	panel)	with	a	maximum	emission	in	

the	UV-	A	band	(340	nm).	The	illumination	(30.3	μmol m2/s	intensity	
of	photosynthetically	active	 radiation	 (PAR))	was	provided	by	 four	
cool	white	 fluorescent	 lamps	 (Aura	Ultimate	 Life	 36W).	The	 daily	
provided	 UVR	 dose	 was	 64.8	KJ/m2,	 which	 represents	 approxi-
mately	20%	and	7%,	respectively,	of	the	autumn	mean	daily	doses	
in	 the	UV-	A	band	observed	 in	Sweden	 (Danilov	&	Ekelund,	2001)	
and	Bolivia	(Villafañe,	Andrade,	Lairanat,	Zaratti,	&	Helbling,	1999),	
respectively.	Total	irradiation	measurements	were	made	using	a	ra-
diometer	 (IL	 1400A;	 International	 Light;	 Newburyport,	 MA,	 USA)	
equipped	with	broadband	sensors	for	UV-	A	(320–400	nm)	and	PAR	
(400–750).

The	first	generation	of	individuals	was	discarded	to	minimize	inter-
ference	from	maternal	effects	(Lampert,	1993).	Offspring	born	from	the	
second	clutch	of	synchronized	mothers	were	used	to	start	 the	experi-
ment.	Twenty	replicate	glass	flasks	with	one	Daphnia	and	100	ml	of	de-
chlorinated	tap	water	were	exposed	to	each	treatment	in	a	2	×	2	factorial	
design	 (lineage:	HighUV/LowUV,	UVA:	presence/absence).	Every	other	
day	100	μl	of	an	algal	culture	(529	μg/L	±	1.53;	mean	±	SD)	mainly	com-
posed	of	Scenedesmus	sp.	was	added	to	each	flask.	Animals	were	pipetted	
out	to	clean	flasks	and	new	medium	once	a	week.

Flasks	 were	 checked	 every	 day,	 and	 offspring	 present	 were	
counted,	 measured	 (at	 first	 clutch),	 sexed,	 and	 discarded.	 The	 ex-
periment	was	 continued	until	 all	 experimental	 individuals	had	died	
(approximately	 100	days).	 Recorded	 life-	history	 variables	were	 the	
following:	 age	 at	 first	 reproduction	 (FR),	 size	 and	 number	 of	 neo-
nates	at	FR,	number	of	clutches,	 total	number	of	born	males,	 total	
offspring,	total	ephippia	(dormant	embryos)	per	female,	and	longev-
ity.	Per capita	 fecundity,	 that	 is,	 the	number	of	 offspring	produced	
during	the	life	span	of	each	individual	was	used	as	a	surrogate	mea-
sure	of	 the	 long-	term	 individual	 contribution	 to	population	growth	
(Brommer,	Gustafsson,	Pietiäinen,	&	Merilä,	2004).

2.3 | Statistical analyses

Lineage	and	UVR	effects	on	each	variable	were	analyzed	with	a	two-	
way	ANOVA.	Lineage	and	UVR	exposure	were	used	as	independent	

F IGURE  2 Graphical	representation	of	
the	a	priori	model	used	in	the	path	analyses	
for	the	two	Daphnia pulex	lineages,	
including	all	variables	and	the	potential	
relationships	among	them.	One-	headed	
arrows	represent	direct	effects	of	one	
variable	on	another.	Double-	headed	arrows	
represent	covariance	between	variables
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variables,	while	each	life-	history	trait	was	used	as	a	dependent	vari-
able.	Longevity	was	used	as	covariable	in	the	analysis	of	the	number	of	
clutches,	total	number	of	born	males,	total	offspring,	and	total	ephip-
pia	per	female.

Structural	equations	modeling	is	conceived	to	represent	causal	
relationships	among	variables,	which	may	have	reciprocal	influence	
between	them	either	directly	or	through	intermediary	variables.	To	
determine	UVR-	driven	effects	and	causal	relationships	among	life-	
history	 responses	 of	 both	Daphnia	 lineages,	we	 constructed	 an	 a	
priori	theoretical	model.	In	this	model	(Figure	2),	we	hypothesized	
that	(1)	all	 life-	history	variables	are	affected	by	UVR,	(2)	there	are	
negative	 correlations	 between	 the	 numbers	 of	 ephippia	 and	 off-
spring	produced	and	also	between	the	number	of	clutches	and	the	
total	ephippia	per	 female,	as	 time	and	energy	applied	 to	produce	
ephippia	 are	higher	 than	 the	ones	 for	producing	parthenogenetic	
offspring	(Lynch,	1983),	(3)	the	total	offspring	is	affected	by	longev-
ity,	age	at	FR,	number	and	size	of	offspring	at	FR,	and	number	of	
clutches,	(4)	the	age	at	FR	is	correlated	to	the	number	of	offspring	
at	 FR,	 (5)	 the	 number	 of	 clutches	 is	 correlated	 to	 the	 longevity,	
(6)	 the	number	and	 size	of	offspring	are	mutually	 correlated,	 and	
finally,	(7)	that	the	per capita	fecundity	is	affected	by	all	life-	history	
variables.

For	model	 testing,	 all	 hypothesized	 paths	were	 translated	 from	
the	path	diagram	into	a	set	of	linear	equations,	one	for	each	depen-
dent	variable.	Lineage	was	treated	as	a	grouping	factor	in	a	multigroup	
approach	 (Pugesek,	 Tomer,	 &	Von	 Eye,	 2003).	 UVR	 and	 Non-	UVR	
treatments	were	incorporated	into	the	model	by	presence/absence,	
assigning	1	to	UVR	exposed	individuals	and	0	to	nonexposed	ones.	
Due	 to	differences	 in	 the	scale	of	units	between	variables,	 all	vari-
ables	were	standardized	to	have	a	mean	of	0	and	a	standard	deviation	
of	1.

We	 optimized	 the	 model	 by	 sequentially	 excluding	 nonsignifi-
cant	paths	 (p	>	.05)	 from	 the	models	based	on	Akaike	 Information	
Criteria	 (AIC)	 scores.	 Comparative	 Fit	 Index	 [CFI;	 (Bentler,	 1990)]	
and	Tucker-	Lewis	Index	[TLI;	(Tucker	&	Lewis,	1973)]	were	also	taken	
into	account	during	the	optimization	process.	These	indices	provide	
information	 on	 the	 model	 fit	 based	 on	 the	 discrepancy	 between	
the	data	and	 the	hypothesized	model,	and	a	value	close	 to	1	 indi-
cates	a	good	fit.	All	paths	that	were	not	significant	but	whose	exclu-
sion	would	have	worsened	 the	model	were	 retained	 in	 the	model.	
All	 statistical	 analyses	 and	 figures	were	 performed	 in	 R	 v3.2.5	 (R	
Core	Team,	 2016)	 packages	 ggplot2	 (Wickham,	 2009)	 and	 Lavaan	
(Rosseel,	2012).

3  | RESULTS

3.1 | Per capita fecundity

The	 area	 below	 the	 fecundity	 curves	 for	 UVR	 treatments	 de-
creased	compared	to	controls	for	both	lineages,	indicating	a	reduc-
tion	 in	 the	per capita	 fecundity	 under	UVR	 stress	 (Figure	3).	 The	
daily	 fecundity	 declined	 dramatically	 when	 the	 animals	 reached	
an	 age	 of	 60–65	days.	HighUV	 animals	 exposed	 to	UVR	 showed	

maximum	per capita	 fecundity	 simultaneously	 to	 the	LowUV	ani-
mals	 of	 the	 Non-	UVR	 treatment	 (day	 30),	 but	 at	 a	 higher	 level	
(Figure	3).	 The	 HighUV	 lineage	 extended	 reproduction	 to	 higher	
ages	than	LowUV	animals,	which	stopped	to	reproduce	at	an	age	of	
65	and	85	days	with	and	without	UVR,	respectively.	HighUV	ani-
mals	showed	a	higher	overall	fecundity	than	those	of	the	LowUV	
lineage	(Figure	3).

3.2 | ANOVA analysis

The	 UVR	 treatment	 was	 detrimental	 to	 almost	 all	 studied	 variables	
of	both	Daphnia	 lineages	 (Figure	4	and	Table	1),	as	suggested	by	the	
reduced	 mean	 per capita	 fecundity	 (Figure	4a)	 and	 total	 offspring	
(Figure	4c).	Average	 longevity	 ranged	from	52	to	63	 (maximum	100)	
days,	 and	 there	were	 no	 differences	 between	 linages,	 nor	 between	
UVR	treatments.	Under	the	Non-	UVR	treatment,	the	LowUV	lineage	
produced	 ephippia,	 and	 although	 both	 increased	 their	 ephippia	 pro-
duction	under	UVR	exposure	(p	=	.002;	Table	1),	Tukey’s	post	hoc	test	
showed	 differences	 between	 lineages,	 but	 not	 between	 treatments	
(Figure	4d).

There	was	no	production	of	males	by	the	HighUV	lineage	 in	the	
absence	 of	 UVR,	 whereas	 there	 was	 a	 tendency	 to	 produce	 more	
males	by	the	LowUV	lineage	when	exposed	to	UVR	(p	=	.056;	Table	1;	
Figure	4e).

Both	 lineages	 showed	 reduced	 number	 of	 clutches	 in	 the	 UVR	
treatment,	but	this	reduction	was	more	pronounced	for	the	HighUV	
lineage	 (Table	1;	Figure	4f).	The	LowUV	 lineage	animals	at	 the	Non-	
UVR	treatment	were,	on	average,	more	than	4	days	older	at	first	re-
production	 (FR)	 than	 the	 animals	of	 the	HighUV	 lineage,	 but	 at	 the	
UVR	treatment,	the	first	reproduction	started	at	the	same	time	as	for	
the	HighUV	lineage	(Figure	4g).

The	number	 of	 neonates	 produced	 at	 first	 reproduction	 in	 the	
Non-	UVR	treatment	was	higher	for	the	HighUV	than	the	LowUV	lin-
eage	 (mean	of	6.7	and	3.6,	 respectively),	whereas	both	showed	an	
average	clutch	size	between	2	and	4	neonates	in	the	UVR	treatment	

F IGURE  3 Five-	day	average	lifetime	fecundity	of	HighUV	and	
LowUV	lineages,	respectively,	of	Daphnia pulex.	Non-	UVR	treatments	
are	represented	by	solid	lines,	while	dashed	lines	represent	UVR	
treatments.	Closed	and	open	circles	represent	HighUV	and	LowUV	
lineages,	respectively.	n	=	20	per	treatment
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(Figure	4h).	 Although	 neonates	 tended	 to	 be	 smaller	 in	 the	 UVR	
treatment,	 there	was	no	significant	difference	 in	offspring	size	be-
tween	lineages	or	treatments	(Figure	4i).

3.3 | Path analysis

3.3.1 | Model fit

The	obtained	model	for	the	HighUV	and	the	LowUV	life-	history	data	
had	a	comparative	fit	index	(CFI)	of	0.992	and	a	Tucker-	Lewis	index	
(TLI)	of	0.986	suggesting	a	good	fit.	The	model	had	a	nonsignificant	

χ2	 (p	=	.30)	 implying	 that	 the	 covariance	 structure	 specified	by	 the	
model	could	not	be	rejected.

3.3.2 | Total effects

A	total	effect	represents	how	much	of	a	given	effect	occurs	due	to	
a	 given	 shift	 in	 a	 precursor	 variable,	 regardless	 of	 the	mechanisms	
by	 which	 the	 change	 may	 occur,	 and	 it	 is	 composed	 of	 partial	 ef-
fects	 that	 may	 be	 direct	 but	 also	 indirect	 (Alwin	 &	 Hauser,	 1975).	
Considering	total	effects,	UVR	treatment	negatively	affected	most	of	
the	life-	history	responses	of	Daphnia	in	both	lineages.	Almost	all	UVR	

F IGURE  4 Life-	history	responses	as	a	function	of	Daphnia pulex	lineages	(dark	circle	=	HighUV,	open	circle	=	LowUV)	and	UVR	stress.	(a)	per 
capita	fecundity,	(b)	Longevity,	(c)	total	offspring	per	female,	(d)	total	ephippia	per	female,	(e)	number	of	males	per	female	(f)	number	of	clutches	
per	female,	(g)	age	at	first	reproduction,	(h)	number	of	neonates	at	first	reproduction,	and	(i)	size	of	neonates	at	first	reproduction.	Means	±	SE 
are	shown.	Letters	above	error	bars	represent	statistically	different	groups	(Tukey’s	post	hoc	test)
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treatment	 total	 effects	were	higher	 for	 the	HighUV	 lineage,	 except	
for	the	number	of	offspring	at	FR,	which	was	higher	for	the	LowUV	
lineage.

3.3.3 | Partial effects

Reflects	the	decomposing	of	the	total	effects	of	the	UVR	treatment	on	
all	 life-	history	responses	 into	their	constituent	direct	and	indirect	ef-
fects	(Table	2,	Figure	5).	Four	and	five	life-	history	variables	in	HighUV	

and	LowUV	lineages,	respectively,	showed	direct	effects.	From	them,	
total	ephippia,	total	offspring,	number	of	clutches,	and	number	of	off-
spring	at	FR	were	common	between	both	lineages,	while	age	at	FR	was	
directly	affected	by	UVR	only	in	the	LowUV	lineage	model.

Ultraviolet	radiation	treatment	had	no	direct	effect	on	per capita 
fecundity	on	any	of	 the	 lineages.	Main	 indirect	effects	on	per capita 
increase	rate	were	those	that	affected	offspring	production.

Ultraviolet	 radiation	 had	 positive,	 direct,	 and	 indirect	 effects	 on	
total	ephippia	production	of	both	lineages;	the	direct	effect	was	the	

TABLE  1 Results	of	two-	way	analyses	of	variances	(ANOVA)	of	the	mean	life-	history	variables	of	HighUV	and	LowUV	lineages	of	Daphnia 
pulex.	All	analyses	compared	the	treatment	(UVR	and	Non-	UVR)	to	a	lineage	(HighUV	and	LowUV)

df SS F p df SS F p

Per capita fecundity Longevity

	Lineage 1 13.85 119.22 <.000*** 	Lineage 1 409.50 1.15 .287n.s.

	Treatment 1 6.07 52.23 .000*** 	Treatment 1 738.10 2.07 .154n.s.

	Treatment	x	
lineage

1 0.73 6.25 .015* 	Treatment	x	
lineage

1 25.30 0.07 .791n.s.

	Residuals 73 8.48 	Residuals 71 27057.20

Total offspring Total ephippia

	Lineage 1 60044.00 201.98 <.000*** 	Lineage 1 62.05 59.64 .000***

	Treatment 1 26272.00 88.38 .000*** 	Treatment 1 10.53 10.12 .002**

	Longevity	
correction

1 42282.00 142.23 <.000*** 	Treatment	x	
lineage

1 0.14 0.13 .717n.s.

	Treatment	x	
lineage

1 2541.00 8.55 .005* 	Residuals 71 73.87

	Residuals 72 21404.00

Total males Number of clutches

	Lineage 1 4.03 2.54 .115n.s. 	Lineage 1 61.93 7.23 .009**

	Treatment 1 6.01 3.79 .056n.s. 	Treatment 1 305.63 35.66 .000***

	Treatment	x	
lineage

1 1.06 0.66 .418n.s. 	Longevity	
correction

1 57.54 6.71 .012**

	Residuals 76 112.69 	Treatment	x	
lineage

1 26.98 3.15 .080n.s

	Residuals 70 599.92

Age at first reproduction Number of neonates at first reproduction

	Lineage 1 135.14 9.58 .003** 	Lineage 1 97.82 26.16 .000***

	Treatment 1 51.65 3.66 .060n.s. 	Treatment 1 78.15 20.90 .000***

	Longevity	
correction

1 41.36 2.93 .091n.s. 	Treatment	x	
lineage

1 12.29 3.29 .074n.s.

	Treatment	x	
lineage

1 57.18 4.05 .048– 	Residuals 73 272.98

	Residuals 69 973.27

Size of neonates

	Lineage 1 0.00 0.00 .968n.s.

	Treatment 1 0.09 10.43 .002**

	Longevity	
correction

1 0.30 33.13 .000***

	Treatment	x	
lineage

1 0.01 0.76 .387n.s.

	Residuals 72 0.65

Asterisks	indicate	significant	differences	(.000	“***”,	.001	“**”,	.01	“*”,	.05	“–”,	>.05	“n.s.”).
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most	important	for	the	LowUV	lineage,	while	the	indirect	effects	were	
the	most	important	for	the	ephippia	production	of	the	HighUV	lineage.

The	number	of	males	that	were	born	during	the	experiment	was	
not	affected	by	the	UVR	treatment	either	directly	or	indirectly	in	any	
of	the	lineages.	UVR	had	direct	and	indirect	effects	on	the	age	at	FR	
on	the	LowUV	lineage	but	not	on	the	HighUV	lineage.

4  | DISCUSSION

Cladocerans	have	several	efficient	mechanisms	to	avoid	UVR	(Hansson	
et	al.,	2007;	Rautio	&	Tartarotti,	2010).	Here,	we	have	demonstrated	
that	their	ability	to	exhibit	different	traits	to	counteract	UVR	damage	
is	not	only	species-	specific,	but	also	differs	between	lineages	within	
the	same	species	but	with	different	evolutionary	histories,	and	 that	
the	involved	trade-	offs	depend	on	the	environment	in	which	the	or-
ganisms	live.

Tolerance	 induction	 to	 UVR	 in	 terms	 of	 relaxed	 swimming	 be-
havior	 through	 exposition	 of	 several	 generations	 of	 D. magna	 has	
previously	been	 studied	 (Hylander,	Ekvall,	Bianco,	Yang,	&	Hansson,	
2014).	 In	 this	 sense,	 an	unanticipated	 finding	of	our	 study	was	 that	
the per capita	fecundity	and	almost	all	 life-	history	responses	of	both	
accustomed	 (HighUV)	 and	 naive	 (LowUV)	 lineages	were	 equally	 re-
duced,	 in	 percentage,	 under	 the	 UVR	 treatments	 (Figure	4).	 Some	
effects	were	 even	 stronger	 in	 the	HighUV	 than	 the	 LowUV	 lineage	
(total	offspring,	number	of	clutches,	and	number	of	offspring	at	FR),	
suggesting	that,	independently	of	their	geographical	origin,	no	higher	
physiological	tolerance	or	plasticity	has	been	induced	by	the	HighUV	
lineage.	Nevertheless,	the	elevated	fecundity	displayed	by	the	HighUV	
lineage	could	easily	withstand	the	losses	imposed	by	the	UVR	stress.	
The	most	remarkable	finding	was	that,	regardless	of	the	reduction	that	
UVR	caused	in	the	per capita	fecundity	of	the	HighUV	lineage,	this	was	
still	higher	than	in	the	LowUV	lineage,	and	the	abundance	of	offspring	
produced	by	the	HighUV	lineage	under	UVR	was	superior	to	that	pro-
duced	by	the	LowUV	lineage	even	without	UVR	(Figure	3).

As	Daphnia	 have	 an	 extremely	 short	 generation	 time	 and	most	
of	Andean	 lakes	were	 formed	after	 the	 last	deglaciation	 in	 the	 late	
Pleistocene	(Seltzer,	1990),	UVR	as	a	selection	force	may	have	favored	
high-	fertility	 lineages	in	such	environments.	 It	has	been	shown	that	
artificial	 selection	 of	 high-	fertility	 lineages	may	 be	 achieved	within	
a	few	generations	(Langhammer	et	al.,	2014).	Mice,	for	example,	re-
quire	 only	 about	 160	 generations	 to	 change	 their	 fertility	 capacity	
(Langhammer	 et	al.,	 2014).	 Generation	 time	 is	 highly	 connected	 to	
age	at	first	reproduction	and	may	play	an	important	evolutionary	role	
(Kawecki	&	Ebert,	2004).	In	line	with	this,	our	LowUV	lineage	had	its	
first	reproduction	(FR)	at	younger	age	under	UVR	exposure,	which	is	
a	typical	phenotypic	plasticity	response	to	new	environmental	con-
ditions	(Barata,	Baird,	&	Soares,	2001;	Fischer	&	Fiedler,	2002),	to	a	
strong	stressor	 (Spitze,	1991),	or	to	a	seasonal	trigger	 (Nylin,	1992;	
Nylin	 &	 Gotthard,	 1998).	 On	 the	 other	 hand,	 the	 HighUV	 lineage	
started	 to	 reproduce	 earlier	 even	without	UVR	 exposure,	 suggest-
ing	that	this	lineage	is	either	adapted	to	higher	levels	of	UVR	stress	
or	 that	 its	 trigger	 to	 reproduce	 is	 not	 associated	with	UVR.	These	T
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differences	may	have	been	influenced	by	historic	environmental	UVR	
seasonality;	zooplankton	in	Andean	lakes	suffer	high	UV	stress	year	
around,	whereas	animals	in	Swedish	lakes	are	exposed	to	moderate	
or	 low	 UVR	 stress	 in	 spring-	summer,	 and	 fall-	winter,	 respectively.	
Hence,	whereas	the	LowUV	lineage	animals	were	forced	to	respond	
with	 phenotypic	 plasticity	 to	 the	 elevated	 experimental	 UVR	 con-
ditions,	 the	HighUV	 lineage	 animals	 required	no	warning	 trigger	 to	
start	 reproducing	 earlier,	 as	 they	were	 already	 adapted	 to	 intense	
UVR	conditions.	These	results	seem	to	be	consistent	with	previous	
research	showing	that	high	fecundity	and	early	age	at	FR	differenti-
ate	Antarctic	 tardigrades	 from	their	 temperate	 relatives,	 suggesting	
that	these	two	characteristics	constitute	a	strategy	to	cope	with	ex-
treme	and	stochastic	environmental	conditions	 (Altiero,	Giovannini,	
Guidetti,	&	Rebecchi,	2015).	In	this	sense,	we	have	here	disentangled	
an	alternative	strategy	that	does	not	prevent	or	limit	the	UVR	dam-
age,	but	that	handle	UVR	effects	by	maintaining	fitness	and	a	stable	
population	size	through	high	fecundity	and	early	reproduction.

In	 our	 study,	 the	 longevity	 was	 not	 significantly	 or	 directly	 af-
fected	by	 the	UVR	treatment	 for	any	of	 the	 lineages.	 In	contrast	 to	
the	 reduced	 survival	 reported	 as	 a	 consequence	 of	 UV-	B	 stress	

on	 cladoceran	 species	 (Connelly	 et	al.,	 2015;	 Huebner,	 Loadman,	
Wiegand,	Young,	&	Warszycki,	2009),	low	doses	of	UV-	A	radiation	may	
not	significantly	affect	the	life	span	of	Daphnia,	although	reproduction	
could	be	affected	(Zellmer,	1998).	In	this	case,	the	structural	equation	
model	analysis	revealed	that	all	effects	of	UVR	on	the	per capita	 fe-
cundity	were	likely	indirect	effects	for	both	lineages	(Figure	5,	Table	2).	
The per capita	fecundity	of	both	lineages	was	affected	by	the	numbers	
of	ephippia,	offspring,	and	clutches,	respectively.	Nevertheless,	there	
was	a	clear	difference	between	structures	of	the	models	of	both	lin-
eages	(Figure	5):	while	both	lineages	were	negatively	affected	regard-
ing	age/number	of	offspring	at	FR	and	positively	influenced	regarding	
size	of	offspring	at	FR,	this	trade-	off	(fewer	but	bigger	offspring,	with	
better	chances	to	survive;	Dudycha	&	Tessier,	1999)	had	no	influence	
on	the	per capita	fecundity	of	the	HighUV	lineage.

The	 total	 lack	 of	 production	 of	 ephippia	 in	 the	 HighUV	 lin-
eage	 in	 the	 absence	 of	UVR	 (Table	2)	 suggests	 that	 under	 certain	
circumstances,	some	 lineages	of	D. pulex	do	not	 invest	 in	ephippia	
production	(at	 least	within	the	time	frame	and	environmental	con-
ditions	of	our	experimental	 setup),	 thereby	 increasing	 the	number	
of	clutches	and	the	number	of	offspring.	Interestingly,	at	high	UVR	

F IGURE  5 Structural	equation	model	
of	the	influence	of	UVR	on	life-	history	
responses	of	Daphnia pulex.	Resulting	path	
models	for:	(a)	HighUV	and	(b)	LowUV	
lineage.	Arrow	widths	are	proportional	
to	path	coefficients.	One-	headed	arrows	
depict	causal	relationships	whereas	two-	
headed	arrows	depict	correlations.	The	sign	
of	coefficients	denotes	positive	or	negative	
effects.	The	level	of	statistical	significance	
is	indicated	by	asterisks	(*p < .05; **p < .01; 
***p	<	.001)
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stress,	animals	 initiated	the	production	of	ephippia,	allowing	them	
to	 secure	 the	 maintenance	 of	 the	 population	 in	 the	 future.	 UVR	
treatment	lead	to	reduced	number	of	clutches	and	increased	num-
ber	of	ephippia	 in	both	lineages,	which	may	reflect	a	trade-	off	be-
tween	investing	energy	in	the	present	or	in	the	future	generations,	
supporting	earlier	observations	of	lower	proportion	of	egg-	carrying	
females	and	higher	production	of	ephippia	as	a	consequence	of	UVR	
exposure	(Hylander	&	Hansson,	2010).

In	 conclusion,	 by	 disentangling	 direct	 and	 indirect	 effects	 of	
UVR	 on	 both	 high	 and	 low	UVR	 adapted	 lineages,	we	 show	 here	
that	UVR	 affects	 almost	 all	 life-	history	variables	 of	 both	 lineages,	
although	they	have	adopted	different	life-	history	traits	to	cope	with	
UVR.	Moreover,	in	contrast	to	our	initial	hypothesis	that	High	UVR	
adapted	lineages	should	be	more	tolerant	to	UVR,	both	lineages	had	
relatively	 similar	 ability	 to	 handle	UVR	 stress.	 Instead,	 our	 results	
suggest	 that	UVR	might	act	as	a	selection	force	and	 increased	fe-
cundity	and	earlier	age	at	first	reproduction	could	be	a	major	evo-
lutionary	strategy	to	manage	the	 losses	caused	by	UVR.	However,	
our	experiment	standardized	environmental	factors,	including	water	
chemistry,	temperature,	photoperiod	and	food	quality/quantity,	set-
ting	aside	seasonality,	and	predation	pressure.	Hence,	further	stud-
ies	 are	needed	 to	understand	how	multiple	 environmental	 factors	
have	molded	Daphnia	life-	history	strategies	to	succeed	in	a	specific	
habitat.
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