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Abstract
1.	 The	 loss	of	marine	foundation	species,	 in	particular	kelps	at	temperate	 latitudes,	
has	been	linked	to	climatic	drivers	and	co-occurring	human	perturbations.	Ocean	
temperature	and	nutrients	typically	covary	over	local	and	regional	scales	and	play	a	
crucial	role	on	kelp	dynamics.	Examining	their	independent	and	interactive	effects	
on	kelp	physiological	performance	is	essential	to	understand	and	predict	patterns	
of	kelp	distribution,	particularly	under	scenarios	of	global	change.

2.	 Crossed	combinations	of	ocean	temperatures	and	availability	of	nutrients	were	ex-
perimentally	tested	on	juveniles	of	the	‘golden	kelp’,	Laminaria ochroleuca,	from	the	
northwestern	 Iberian	 Peninsula.	 Eco-physiological	 responses	 included:	 survival,	
growth	and	total	N	content.	Results	were	embedded	 into	a	Species	Distribution	
Model	(SDM),	which	relates	presence	records	and	climatic	and	non-climatic	data	to	
forecast	 distribution	 patterns	 of	 L. ochroleuca	 under	 different	 climate	 change	
scenarios.

3.	 Temperatures	above	24.6°C	were	lethal	irrespective	of	nutrients.	Optimal	growth	
of	juvenile	sporophytes	occurred	between	12	and	18°C	and	no	nutrient	limitation.	
The	SDM,	where	ocean	temperature	was	the	main	predictor	of	kelp	distribution	in	
line	with	temperature	thresholds	given	by	eco-physiological	responses,	suggests	a	
future	expansion	towards	northern	latitudes	and	a	retreat	from	the	southern	limit/
boundary	of	the	current	distribution.

4. Synthesis.	Range-shifting	of	the	golden	kelp	can	have	severe	ecological	impacts	at	
regional	 and	 local	 scales.	 The	 expansion	 or	 retraction	 of	 the	 species	 along	 the	
European	coast	seems	to	be	modulated	mainly	by	temperature,	but	nutrient	availa-
bility	would	be	a	key	to	maintain	optimal	physiological	performance.	Our	work	high-
lights	that	the	combination	of	empirical	and	modelling	approaches	is	accessible	to	
researchers	and	crucial	to	building	more	robust	predictions	of	ecological	and	biogeo-
graphic	responses	of	habitat-forming	species	to	forecasted	environmental	change.
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1  | INTRODUCTION

There	is	widespread	evidence	of	responses	of	flora	and	fauna	inhab-
iting	aquatic	and	terrestrial	environments	to	climate	change	(Burrows	
et	al.,	2011;	O’Connor	et	al.,	2015;	Pinsky,	Worm,	Fogarty,	Sarmiento,	
&	Levin,	2013;	Poloczanska	et	al.,	2013;	Rosenzweig	et	al.,	2008).	 In	
particular,	shifts	in	biogeographic	patterns	have	been	reported	world-	
wide	 for	 terrestrial,	 e.g.	 birds	 and	 butterflies	 (Parmesan,	 2007),	 as	
well	as	marine	species,	e.g.	algae	and	 fishes	 (Lima,	Ribeiro,	Queiroz,	
Hawkins,	&	Santos,	2007;	Perry,	Low,	Ellis,	&	Reynolds,	2005;	Wernberg	
et	al.,	2010).	Indeed,	it	is	well	known	that	species	distribution	patterns	
are	directly	controlled	by	climate	(Pearson	&	Dawson,	2003	and	ref-
erences	 therein),	 which	 has	 been	 considered	 responsible	 for	 either	
expansions	at	some	species’	cool	range	edges,	or	contractions	at	the	
warm	range	edges	(Cahill	et	al.,	2014;	Chen,	Hill,	Ohlemüller,	Roy,	&	
Thomas,	2011;	Martínez	et	al.,	2012;	Sunday,	Bates,	&	Dulvy,	2012).	
The	latter	responses	may	ultimately	lead	to	local	extinctions,	especially	
in	the	case	of	sessile	organisms	(Parmesan,	2006;	Wiens,	2016).

In	the	marine	realm,	temperature	drives	basic	biological	processes	
(Bozinovic	 &	 Pörtner,	 2015),	which	 critically	 modulate	 the	 survival,	
growth,	 reproduction	 and	 recruitment	 of	 macroalgae	 and,	 hence,	
their	 distribution	 patterns	 (Gómez	 et	al.,	 2009;	 Harley	 et	al.,	 2012;	
Izquierdo,	Pérez-	Ruzafa,	&	Gallardo,	2002;	Lima	et	al.,	2007;	Lüning,	
1990).	Examples	of	effects	of	temperature	changes	on	patterns	of	dis-
tribution	of	seaweeds,	due	to	either	sporadic	heat	waves	(Wernberg	
et	al.,	2013,	2016)	or	persistent	increments	in	temperature	(Lima	et	al.,	
2007;	Rosenzweig	et	al.,	2008),	have	been	documented	across	many	
regions.	Concurrently	with	 temperature,	 the	 availability	 of	 nutrients	
is	a	necessary	condition	for	the	metabolism	of	macroalgae	 (Gordillo,	
2012;	Müller,	 Laepple,	 Bartsch,	 &	Wiencke,	 2009).	 Ocean	warming	
will	 probably	 enhance	 the	 stratification	 of	 the	 upper	 mixed	 layer,	
leading	 to	 changes	 in	 the	nutrient	 availability	 for	primary	producers	
(Behrenfeld	 et	al.,	 2006).	Also,	 changes	 in	 oceanographic	 processes	
can	 directly	 and	 indirectly	 affect	 nutrient	 dynamics;	 for	 example,	 in	
some	 coastal	 areas,	 the	productivity	 of	macroalgae	depends	on	 the	
seasonality	and/or	intensity	and	frequency	of	upwelling	events	(Black	
et	al.,	2011;	Graham	et	al.,	2007;	Hurd,	Harrison,	Bischof,	&	Lobban,	
2014;	Philippart	et	al.,	2007).	Climate	change	is	apparently	intensify-
ing	upwelling-	favourable	winds	in	most	eastern	boundary	systems,	but	
not	along	the	west	coast	of	the	Iberian	Peninsula,	where	the	intensity	
of	the	upwelling	regime	is	weakening	(Sydeman	et	al.,	2014)	in	associa-
tion	with	an	increase	of	sea-	surface	temperature	(SST)	(Lemos	&	Pires,	
2004).	The	relaxation	of	the	spring	to	late	summer	upwelling	regime	
along	the	Iberian	Peninsula	seems,	therefore,	to	simultaneously	affect	
both	nutrient	supply	and	ocean	temperatures,	with	potential	conse-
quences	for	macroalgal	eco-	physiology.	For	example,	nutrients	directly	
affect	 recruitment	and	survival	of	 juvenile	 sporophytes	of	 the	 ‘giant	
kelp’	Macrocystis pyrifera,	 particularly	during	El	Niño	events,	 charac-
terized	 by	 warm	 and	 nutrient-	poor	 waters	 (Hernández-	Carmona,	
Riosmena-	Rodríguez,	Serviere-	Zaragoza,	&	Ponce-	Díaz,	2011).

While	 increasing	attention	has	been	 recently	devoted	 to	 the	ef-
fects	of	environmental	or/and	anthropogenic	factors	on	aquatic	eco-
systems	(Crain,	Kroeker,	&	Halpern,	2008;	Halpern	et	al.,	2008;	Harley	

et	al.,	 2012),	 these	 are	 often	 examined	 separately	 and	 considerable	
knowledge	gaps	remain	concerning	the	effects	of	multiple	stressors	on	
species’	 functional	 responses	 (Wernberg,	 Smale,	&	Thomsen,	2012).	
Indeed,	 most	 marine	 climate	 change	 studies	 included	 only	 a	 single	
predictor—often	temperature—of	species’	distributions,	and	thus	did	
not	explicitly	take	into	account	other	potential	drivers	of	change	(but	
see	Bertocci	et	al.,	2014;	Gaitan-	Espitia	et	al.,	2014;	Wahl	et	al.,	2011).	
Understanding	the	effects	of	multiple	drivers	is	particularly	challeng-
ing	when	their	combined	role	cannot	be	predicted	from	single-	driver	
studies,	 i.e.	 there	are	non-	additive	 interactions	 (Folt	&	Chen,	1999).	
This	mechanistic	knowledge,	in	conjunction	with	Species	Distribution	
Models	 (SDMs),	 can	 predict	 shifts	 in	 species’	 distribution	 patterns	
under	varying	climate	change	scenarios	(Martínez,	Arenas,	Trilla,	Viejo,	
&	Carreño,	2015	and	references	therein).	By	correlating	the	occurrence	
of	certain	species	with	climatic	and	other	physical	factors,	SDMs	are	
a	useful	tool	to	predict	habitat	preferences	or	distributional	changes	
(Araújo	&	Guisan,	2006).	The	integration	of	physiological	knowledge	
with	SDMs	into	a	convergent	framework	results	in	more	robust	pre-
dictions	(Buckley,	Waaser,	Maclean,	&	Fox,	2011;	Wittmann,	Barnes,	
Jerde,	Jones,	&	Lodge,	2016),	for	example	through	taking	advantage	of	
knowledge	on	physiological	 lethal	and	sub-	optimal	values	to	predict	
areas	of	absence.	However,	such	an	approach	has	been	seldom	taken	
(but	see	Martínez	et	al.,	2015).

In	 the	 last	 decades,	 a	 growing	 body	 of	 literature	 has	 addressed	
changes	in	the	structure	and	dynamics	of	several	kelp	species,	includ-
ing	reductions	in	the	stability	of	populations	and	regional	distributional	
shifts	 (Filbee-	Dexter,	Feehan,	&	Scheibling,	2016;	Smale,	Wernberg,	
Yunnie,	 &	Vance,	 2015;	Wernberg	 et	al.,	 2010).	 Even	 though	 kelps	
can	 adjust	 their	 physiological	 performance	 to	 environmental	 varia-
tion	(Biskup,	Bertocci,	Arenas,	&	Tuya,	2014),	identifying	thresholds	of	
physiological	acclimation	is	essential	to	understanding	the	impacts	of	
climate	change	on	the	distribution	of	these	organisms.

Here,	we	 tested	whether	 ecological	 responses	 of	 a	 kelp	 species	
to	physical	drivers	were	consistent	with	its	current	distribution	range,	
and	 anticipated	 the	 future	 range	 extensions	 and	 retractions	 of	 the	
same	species	according	to	a	SDM.	Specifically,	we	assessed	physiolog-
ical	thermal	thresholds	under	varying	nutrient	availability	to	accurately	
determine	the	species’	functional	responses	(e.g.	growth	and	survival).	
This	information	was	then	combined	with	SDMs	to	build	more	accu-
rate	predictions	of	the	future	distribution	of	the	species.	We	used,	as	
a	model	organism,	the	‘golden	kelp’,	Laminaria ochroleuca,	a	seaweed	
with	relevant	ecological	functions	in	the	northern	hemisphere	(Arroyo,	
Maldonado,	Pérez-	Portela,	&	Benito,	2004;	Rodil,	Olabarria,	Lastra,	&	
Arenas,	2015).	This	is	a	southern-	Lusitanic,	warm-	water	species,	that	
is	 distributed	 from	Morocco	 to	 southern	UK,	 and	 also	 forms	 deep-	
water	populations	in	the	Azores,	the	Gorringe	seamount	(southwest	of	
Portugal)	and	some	Mediterranean	locations	(Assis,	Tavares,	Tavares,	&	
Cunha,	2009;	Birkett,	1998;	Flores-	Moya,	2012;	Ramos	et	al.,	2016).	
This	kelp	has	declined	in	southern	Europe	(Assis	et	al.,	2013;	Fernandez,	
2011;	Tuya	 et	al.,	 2012;	Voerman,	 Llera,	 &	 Rico,	 2013),	while	 it	 in-
creased	 in	southern	UK	 (Smale	et	al.,	2015).	These	shifts	have	been	
typically	 linked	with	 temperature	 changes	 (Fernandez,	 2011;	 Pinho	
et	al.,	 2015;	 Smale,	 Burrows,	 Moore,	 O’Connor,	 &	 Hawkins,	 2013),	
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even	though	herbivory	may	also	play	a	critical	role	on	the	persistence	
of	kelps	from	the	 Iberian	Peninsula	 (Franco	et	al.,	2015).	Due	to	the	
warm-	water	affinity	of	this	species,	we	hypothesized	a	positive	rela-
tionship	between	eco-	physiological	performance	(growth,	survival	and	
total	nitrogen	content)	and	experimental	warming,	until	temperature	
exceeds	the	optimal	levels.	The	positive	effect	of	moderate	increases	
in	 temperature	was	 expected	 to	 be	 further	 enhanced	 by	 increased	
availability	of	nutrients.	Conversely,	decreased	availability	of	nutrients	
was	hypothesized	to	exacerbate,	at	least	in	part,	the	negative	effects	
of	temperature	approaching	the	tolerance	limit	of	L. ochroleuca.

2  | MATERIALS AND METHODS

2.1 | Algal collection

Juvenile	 sporophytes	 of	 L. ochroleuca	 (10–18	 cm	 in	 total	 length,	
6.1	±	3.5	g,	mean	±	SD)	were	collected	in	January	2013	from	the	shal-
low	subtidal	habitat	(~5	m	depth)	at	three	locations	(São	Bartolomeu,	
Amorosa	 and	 Viana	 do	 Castelo;	 41°34.39″N,	 41°38.47″N	 and	
41°41.93″N,	 respectively)	 from	northern	Portugal.	 The	holdfasts	of	
all	 individuals	were	 cleaned	of	 sediment	 and	 epiphytes	 in	 the	 field,	
immediately	stored	 in	a	cool	box	and	transported	to	the	 laboratory,	
where	they	were	kept	acclimatized	for	7	days	in	a	cooled	(14°C)	and	
aerated	seawater	tank	(500	L)	until	the	start	of	the	experiment.

2.2 | Experimental setup

Eight	experimental	levels	of	increasing	temperatures	were	established:	
12,	15,	18,	20,	22,	24,	26	and	28°C.	The	first	four	levels	encompassed	
the	annual	average	SST	recorded	from	the	southern	Portuguese	coast	
to	the	French	Brittany	coast	in	the	last	decades	(Gómez-	Gesteira,	de-
Castro,	Alvarez,	&	Gómez-	Gesteira,	2008).	The	remaining	levels	were	
chosen	 to	 represent	 high	 temperature	 events	 which	 L. ochroleuca 
sporophytes	may	experience	at	its	southern	distribution	limit	(22	and	
24°C),	 and	 its	 probable	 upper	 thermal	 survival	 limit	 (26	 and	 28°C)	
(Flores-	Moya,	2012).	During	the	course	of	 the	experiment,	L. ochro-
leuca	sporophytes	were	kept	in	outdoor	tanks	(four	independent	tanks	
per	temperature,	60	L	each)	within	temperature-	controlled	seawater	
baths	 to	 prevent	 the	 effects	 of	 ambient	 temperature	 oscillations.	
Water	temperature	was	controlled	 in	each	tank	by	using	simultane-
ously	chillers	and	heaters,	which	are	 regulated	by	digital	controllers	
and	individual	temperature	probes	(Aqua	Medic®	AT	Control	System	
Controllers,	GmbH,	Bissendorf,	Germany).	 Temperature	 and	 salinity	
values	were	monitored	daily	and	evaporation	was	compensated	 for	
by	 adding	 non-	mineralized	 fresh	 water	 when	 needed.	 The	 average	
temperatures	 throughout	 the	 entire	 experiment	 were,	 respectively	
for	each	treatment:	12.3	±	0.17,	15.0	±	0.17,	18.0	±	0.14,	20.0	±	0.20,	
22.0	±	0.23,	 24.0	±	0.25,	 25.9	±	0.17,	 28.3	±	0.25°C	 (mean	±	SD,	
n	=	1,536	measurements).	 Each	 temperature	was	 crossed	with	 two	
levels	of	availability	of	nutrients	(high	vs.	low),	providing	a	total	of	32	
experimental	tanks,	i.e.	two	tanks	per	combination	of	treatments).	The	
enriched	treatment	(+Nut)	was	established	by	adding,	every	3	days,	in-
organic	N	(NaNO3)	and	P	(NaH3PO4)	to	a	final	concentration	≥35	μM	

N	 and	 5	μM	 P,	 respectively.	 Such	 values	 were	 about	 three	 times	
higher	than	the	highest	values	typically	recorded	in	the	region	(Doval,	
López,	 &	Madriñán,	 2016),	 and	 represented	 non-	nutrient	 limitation	
similar	to	those	recorded	during	upwelling	events	in	coastal	regions,	
i.e. >30 μM	(Denny	&	Gaines,	2007).	The	low	level	of	nutrients	(−Nut)	
corresponded	 to	 the	 lowest	 typical	 values	 recorded	 in	 the	 region	
(Doval	et	al.,	2016),	and	represented	a	nutrient-	limited	scenario	simi-
lar	to	those	found	in	summer	in	coastal	systems	with	no	land-	source	
inputs.	This	treatment	was	established	by	using	seawater	specifically	
prepared	 before	 the	 experiment.	 This	 was	 achieved	 by	 maintain-
ing	5,000	L	of	natural	 seawater	 in	an	aerated	 tank	with	macroalgae	
(L. ochroleuca	individuals	different	than	those	used	in	the	experiment),	
naturally	 consuming	 nutrients.	 This	 aerated	 and	open-	to-	air	 system	
prevented	oxygen	fluctuations	and	allowed	to	have	a	saturated	sys-
tem	in	terms	of	dissolved	carbon	avoiding	pH	fluctuations.	The	con-
centration	of	macro-	nutrients	(nitrate	and	phosphate)	was	monitored	
every	4	days	during	1	month	through	the	collection	of	water	samples	
that	 were	 immediately	 analysed	 using	 a	 colorimetric	 auto-	analyser	
(Skalar®	SAN	Plus	Segmented	Flow	Analyser;	Skalar	Analytical,	Breda,	
The	Netherlands),	using	Skalar	methods	M461-	318	(EPA	353.2)	and	
M503-	555R	 (Standard	Method	 IP-	450),	 respectively,	 and	 validating	
the	analytical	procedures	with	reference	to	samples	containing	known	
concentrations	of	each	nutrient.	When	nitrate	and	phosphate	concen-
trations	dropped	below	3.5	μM,	algae	were	removed	and	the	seawater	
was	filtered	(5	μ)	and	used	to	fill	the	experimental	tanks	allocated	to	
the	‘−Nut’	treatment.	A	total	of	320	juvenile	L. ochroleuca	individuals	
were	used,	i.e.	10	individuals	per	tank.	Each	tank	was	continually	sup-
plied	with	air	through	the	bottom	to	ensure	water	movement.	Every	
9	days,	seawater	and	nutrients	were	renewed	in	each	tank	according	
to	the	corresponding	treatment.	Each	tank	was	cleaned	and	L. ochro-
leuca	 fronds	were	gently	 scrubbed	 to	 remove	overgrowing	bacteria	
and	epiphytes.	This	operation	was	carried	out	to	minimize	potential	
confounding	effects	due	to	shading	and/or	competition	for	nutrients	
by	epiphytes.	To	check	nutrient	levels,	water	samples	were	taken	dur-
ing	the	third	week	of	the	experiment,	when	it	was	assumed	that	the	
algae	 had	 enough	 time	 to	 adapt	 to	 experimental	 conditions.	 Three	
replicated	samples	were	taken	from	each	treatment	immediately	after	
the	weekly	water	change	(initial)	and	3	and	6	days	later	(final)	for	the	
+Nut	and	the	−Nut	treatment,	respectively	(see	Table	S1).	The	experi-
ment	ran	for	36	days	(from	the	1	February	until	the	8	March	2013),	
under	 a	 natural	 photoperiod	10:14	 light–dark	 cycle.	 The	 photosyn-
thetically	active	radiation	(PAR)	was	continuously	monitored	using	a	
HOBO	Micro	Station	with	PAR	light	Smart	Sensor	(Onset	Computer	
Corporation,	Cape	Cod,	MA,	USA).	To	avoid	exposure	to	direct	sun-
light,	all	tanks	were	covered	with	a	neutral	fibre	glass	mesh	reducing	
by	30%	incident	PAR	(see	Figure	S1).

2.3 | Growth and mortality

Before	the	start	of	the	experiment,	all	L. ochroleuca	sporophytes	were	
individually	 tagged	with	 a	 cable	 tie	 and	a	numbered	by	means	of	 a	
plastic	ring	gently	attached	to	the	kelp	stipe.	During	the	experimen-
tal	 period,	 the	 fresh	weight	 (FW)	 of	 each	 individual	 was	measured	
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at	five	times,	 i.e.	0,	9,	18,	27	and	36	days	since	the	start	of	 the	ex-
periment.	Individuals	were	blotted	dried	with	paper	to	remove	excess	
water,	weighted	and	then	returned	to	their	respective	tanks.	Growth	
(g	FW/day)	was	calculated	as:	Growth	=	(Wt	−	Wo)/t,	where	Wo	was	
the	initial	FW,	Wt	the	FW	at	each	time,	and	t	the	number	of	days.	Kelp	
individuals	showing	decay	or	discoloration	over	more	than	half	of	the	
lamina	were	considered	dead,	and	so	survival	was	 	estimated	as	 the	
proportion	over	the	total	number	of	individuals	per	tank	(Gao,	Endo,	
Taniguchi,	&	Agatsuma,	2012).

2.4 | Total nitrogen content

The	nitrogen	 (N)	 content	of	kelp	 sporophytes	was	measured	at	 the	
end	of	the	experiment.	Six	individuals	were	selected	at	random	from	
each	treatment	and	dried	in	a	convection	oven	at	60°C	for	48	hr.	After	
the	measurement	of	dry	weight,	samples	were	crushed	to	a	fine	pow-
der	and	the	total	N	content	determined	through	an	Organic	Elemental	
Analyser	–	Flash	2000	(Thermo	Fisher	Scientific,	Milan,	Italy)	and	ex-
pressed	as	%	of	dry	weight.

2.5 | Analysis of data

Two-	way	ANOVA	was	used	 to	 test	 for	 effects	 of	 temperature	 and	
nutrients	on	 the	growth	and	 the	 total	N	content	of	L. ochroleuca	 at	
the	end	of	 the	experiment.	Each	ANOVA	included	the	fixed	factors	
‘Temperature’	 (six	 levels)	 and	 ‘Nutrients’	 (two	 levels),	with	 two	 rep-
licates	 provided	 by	 the	 average	 of	 the	 ten	 L. ochroleuca	 individuals	
per	 tank.	 Before	 each	 ANOVA,	 the	 assumption	 of	 homogeneity	 of	
variances	was	checked	through	Cochran’s	C	test	and	data	were	trans-
formed	 if	 necessary	 (Underwood,	 1997).	 Student–Newman–Keuls	
post	 hoc	 tests	 were	 used	 to	 compare	 significant	 means.	We	 used	
logistic	 regression	 to	 explore	 the	 relationship	 between	 survival	 and	
levels	of	temperature	and	nutrients.	Data	encompassing	all	individuals	

followed	 a	 binomial	 distribution	 (dead/alive).	 Since	 all	 observations	
were	registered	within	a	short	range	of	the	predicted	variable	(mono-
tone	 likelihood),	 a	 logistic	 regression	 using	 a	 penalized	 likelihood	
method	(Hilbe,	2015)	was	carried	out.	All	analyses	were	implemented	
through	 the	 r	 software	 (3.2.5;	 The	 R	 Foundation,	 Auckland,	 New	
Zealand),	using	the	package	logistf.

2.6 | Species distribution models

Laminaria ochroleuca	 presence	data	were	 gathered	 from	 the	Global	
Biodiversity	Information	Facility	(http://data.gbif.org)	and	the	Ocean	
Biogeographic	Information	System	(http://www.gbif.org).	Additional	
records	were	obtained	through	literature	reviews	(Assis	et	al.,	2009;	
Díez,	 Muguerza,	 Santolaria,	 Ganzedo,	 &	 Gorostiaga,	 2012;	 Pérez-	
Ruzafa	 et	al.,	 2003),	 personal	 observations	 and	 communications.	
A	total	of	511	presence	records	of	L. ochroleuca	were	finally	compiled	
and	 geo-	referenced	 onto	 a	 map	 using	 ArcGIS	 10.1	 (Figure	1).	 The	
distribution	area	 included	the	coasts	of	Europe	and	North	of	Africa	
restricted	by	a	buffer	of	20	km	from	the	coastline	and	a	bathymetric	
mask	of	40	m	depth,	encompassing	the	common	depth	range	of	this	
macroalgae.	 Environmental	 data	 were	 downloaded	 as	 raster	 layers	
from	the	global	marine	dataset	Bio-	Oracle	(Tyberghein	et	al.,	2012),	
rescaled	to	0.05	decimal	degrees	and	restricted	to	the	area	of	study.	
We	initially	evaluated	the	correlation	between	the	available	variables,	
which	 included	 the	maximal,	minimal,	mean	 or	 range	 values	 of	 the	
SST,	calcite,	chlorophyll	a,	diffuse	attenuation	(turbidity	of	the	water	
column),	 dissolved	 oxygen,	 pH,	 salinity,	 phosphate,	 nitrate,	 silicate,	
cloud	 cover	 and	PAR	 (see	Table	 S2),	 by	means	 of	 a	 principal	 com-
ponent	analysis	(Lepš	&	Šmilauer,	2005)	and	a	Pearson’s	correlation	
matrix	through	the	software	CANOCOTM	4.5	(Ter	Braak	&	Šmilauer,	
2002).	 Among	 the	 groups	 of	 autocorrelated	 variables	 (r2	>	.80),	we	
selected	as	predictors	those	with	the	highest	potential	importance	for	
the	biogeography	of	the	target	species	(Lüning,	1990).	For	example,	

FIGURE  1 Records	of	the	kelp,	Laminaria 
ochroleuca,	across	its	distributional	range	
(n	=	511)

http://data.gbif.org
http://www.gbif.org
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maximum	and	minimum	values	were	preferred	relative	to	mean	values	
due	to	their	physiological	influence	(Martínez	et	al.,	2015).	The	vari-
ables	selected	as	potential	predictors	were:	minimum	of	the	monthly	
averages	of	SST,	maximum	of	the	monthly	averages	of	SST,	chloro-
phyll	a	concentration,	nitrate,	cloud	cover	and	salinity	(see	Table	S2).	
We	then	applied	Maximum	Entropy	Modelling	(MaxEnt)	to	construct	
the	SDM,	a	method	that	selects	the	statistical	model	which	maximizes	
the	Entropy	of	the	species	probability	distribution	(Phillips,	Anderson,	
&	Schapire,	2006).	Additionally,	we	built	a	generalized	 linear	model	
(GLM)	using	the	r	package	BIOMOD,	a	regression-	like	method	that	
relates	 presence	 records	 and	 random	 pseudo	 absences	 with	 envi-
ronmental	 layers	 (Thuiller,	Lafourcade,	Engler,	&	Araújo,	2009).	The	
contribution	of	each	predictor	variable	in	the	model	was	analysed	by	
the	MaxEnt	permutation	importance	and	percent	contribution	coef-
ficients,	as	well	as	with	the	variable	importance	function	of	BIOMOD.	
By	combining	MaxEnt	and	the	GLM,	a	final	reduced	model	including	
the	most	important	variables	was	finally	computed.	The	performance	
of	the	models	was	evaluated	using	the	predicted	area	under	the	curve	
(AUC)	 tool,	provided	by	 the	 receiver	operating	characteristic	 (ROC)	
curve	 from	MaxEnt	 (DeLeo	&	Campbell,	1990).	The	ROC	curve	 re-
lates	 the	 sensitivity	 or	 true	 positives	 (fraction	 of	 presence	 records	
that	are	correctly	classified	as	presences)	against	 the	proportion	of	
false	positives	 (1-	specifity)	 (Allouche,	Tsoar,	&	Kadmon,	2006).	The	

performance	 in	 BIOMOD	was	measured	 by	 the	AUC	 and	 the	 true	
skill	statistic	 (TSS)	test	 (i.e.	sensitivity	+	specificity	−	1).	Models	with	
AUC	values	higher	than	0.85	indicated	a	good	discrimination	power	

F IGURE  2 Survivorship	of	Laminaria ochroleuca	sporophytes,	
at	the	end	of	the	experimental	period,	according	to	varying	
temperatures	(y = 1/1	+	e	−	(79.964535	+	3.244712	*	χ,	p	<	.001).	
The	horizontal	dotted	line	represents	the	50%	survivorship	threshold

TABLE  1 Results	of	ANOVA	(a)	and	logistic	regression	(b)	testing,	respectively,	for	the	effects	of	temperature	and	nutrients	on	the	growth	
and	total	N	content	and	for	the	survival	of	juvenile	sporophytes	of	Laminaria ochroleuca.	+Nut	and	−Nut	indicate	the	high	and	low	experimental	
nutrient	concentrations,	respectively.	T12	to	T24	indicates	temperature	(°C).	Ns	=	non-	significant	(at	p	>	.05).	Significant	results	are	highlighted	
in bold

Source of variation

Growth Nitrogen

df MS F p df MS F p

(a)	ANOVA	results

Transformation Ln(x	+	1) None

Cochran’s C	=	0.436	(Ns) C	=	0.436	(Ns)

Temperature 5 0.1985 6.56 .003 5 0.0154 2.24 .117

Nutrients 1 1.6985 56.08 <.001 1 0.97 141.48 <.001

Temperature	×	nutrients 5 0.0568 1.88 .172 5 0.0016 0.23 .941

Residual 12 0.0303 12 0.0069

Student-Newman-Keuls tests Temp	&	Nut Temp

All	Temp:	+Nut	>	−Nut All	Temp:	+Nut	>	−Nut

+Nut:	T15	=	T12	=	T18	>	T20	=	T22	=	T24

−Nut:	T15	=	T18	=	T12	=	T20	=	T22	=	T24

Model term Coefficient SE

95% CI

pLower Upper

(b)	Regression	resultsa

(Intercept) 79.964 18.266 53.25 138.90 ≪.0001

Temperature −3.244 0.754 −5.69 −2.15 ≪.0001

Nutrient 1.719	E-11 27.185 −65.98 65.98 .999

Temperature	×	nutrient −7.09	E-13 1.115 −2.72 2.72 .999

aLikelihood	ratio	test	=	322.838	on	3	df,	p	=	0,	n = 320.
Nutrient	and	temperature	×	nutrient	were	not	included	in	the	final	model.
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(Phillips	et	al.,	2006).	Internal	data-	splitting	validation	was	applied	to	
confirm	the	variable	 importance	of	 the	final	predictors	 in	 the	train-
ing	data	(70%	of	presence	points)	and	the	consistency	of	the	above	
evaluation	metrics	 (AUC	 and	 TSS).	MaxEnt	was	 used	 to	 determine	
the	habitat	suitability	index	for	all	the	study	areas	with	the	environ-
mental	conditions	registered	from	2002	to	2009,	as	well	as	to	obtain	
future	distribution	projections	by	using	rasters	of	forecasted	physical	
conditions.	The	layers	extracted	from	Bio-	Oracle	contained	the	infor-
mation	from	the	UKMO-	HadCM3	model,	which	represents	the	condi-
tions	defined	by	the	A2	scenario	described	by	the	Intergovernmental	
Panel	on	Climate	Change	(IPCC).	The	A2	scenario,	with	temperature	
increases	 of	 2.6°C	 and	 CO2	 emissions	 >800	ppm	 until	 2100,	 was	
the	most	severe	among	those	provided	by	Bio-	Oracle	 (Meehl	et	al.,	
2007).	The	projections	were	run	10	times	and	the	final	projection	was	
built	up	through	averaging	over	all	of	them.	A	binarization	of	the	map	
was	 generated	 by	 using	 the	 equal	 training	 sensitivity	 and	 specific-
ity	logistic	threshold,	as	provided	by	MaxEnt	(Liu,	Berry,	Dawson,	&	
Pearson,	2005),	to	discriminate	the	potential	areas	considered	as	suit-
able	for	the	presence	of	the	species	and	the	areas	where	the	species	
would	be	absent.

3  | RESULTS

3.1 | Survival, growth and total nitrogen content

At	the	end	of	the	experiment,	L. ochroleuca	survival	was	significantly	
affected	by	temperature	(p	<	.001,	Figure	2,	Table	1),	but	not	by	nu-
trients	 (p	=	.9990,	Table	1).	No	mortality	of	L. ochroleuca	was	 found	
between	12	and	22°C.	The	threshold	for	the	50%	survival	(LC50),	was	
24.6°C	(Figure	2),	irrespectively	of	the	nutrient	treatment.	The	growth	
of	juvenile	sporophytes	(Figures	3	and	S2,	Table	1)	was	larger	under	
high	nutrient	concentration,	particularly	when	temperatures	were	op-
timal	(‘+Nut’:	mean	growth	=	4.54–5.57	g	FW/day	at	12,	15	and	18°C)	
and	sub-	optimal	 (‘+Nut’:	mean	growth	=	1.84–2.72	g	FW/day	at	20,	
22	 and	 24°C),	 compared	 to	 low	 nutrient	 concentration	 at	 optimal	

temperatures	(‘−Nut’:	mean	growth	=	1.63–1.96	at	12,	15	and	18°C)	
and	 sub-	optimal	 temperatures	 (‘−Nut’:	 mean	 growth	=	1.31–1.42	g	
FW/day	at	20,	22	and	24°C).	The	total	N	content	was	lower	in	the	‘−
Nut’	than	in	the	‘+Nut’	treatment	irrespective	of	temperature	(Table	1,	
Figure	4).

3.2 | Species distribution models

The	 final	 SDM	was	 constructed	 including	 the	 predictors	 that	were	
ranked	as	the	three	variables	of	highest	importance	in	at	least	two	of	
the	three	algorithms,	namely:	minimum	of	the	monthly	average	of	SST	
(sstmin),	 the	maximum	of	 the	monthly	 average	of	SST	 (sstmax)	 and	
salinity,	with	a	contribution	of	57.5%,	24.9%	and	16.8%,	respectively	
(Table	2).	All	the	metrics	applied	to	evaluate	this	final,	reduced,	model	
(AUC-	MaxEnt,	AUC	and	TSS	from	BIOMOD)	were	>0.92,	 indicating	
a	 good	 discrimination	 power	 of	 the	 models	 (Table	2).	 The	 MaxEnt	
current	predictions	showed	the	highest	habitat	suitability	of	L. ochro-
leuca	on	the	northwestern	coast	of	Spain,	followed	by	the	central	and	
northern	coasts	of	Portugal,	along	with	the	rest	of	the	north	of	Spain	
and	the	westernmost	coast	of	France	and	southern	UK	(Figure	5a,c),	
representing	conveniently	the	distribution	of	the	species	 (Sheppard,	
Jupp,	Sheppard,	&	Bellamy,	1978;	tom	Dieck	(Bartsch)	&	de	Oliveira,	
1993;	 Pérez-	Ruzafa	 et	al.,	 2003;	 this	 study,	 Figure	1).	 The	MaxEnt	
	future	 projections	using	 the	A2	 scenario	 suggested	 a	 partial	 reduc-
tion	of	the	suitable	habitat	at	the	southern	coasts	of	Portugal	and	the	
north	of	the	Iberian	Peninsula	along	with	an	increase	of	the	suitable	
habitat	northwards	(Figure	5b,d).

The	 minimum	 SST	 (sstmin),	 where	 presence	 records	 were	 found,	
ranged	 from	8	 to	16.3°C.	Maximum	SST	 (sstmax)	 fluctuated	between	
15.1	and	24.6°C.	Regarding	 salinity,	presence	 records	varied	between	
34.4	 and	 38.2	 psu	 suggesting	 that	 the	 total	 absence	 of	 records	 of	
L. ochroleuca	in	Baltic	region	is	due	to	such	low	salinity	(<15	psu)	environ-
ment	(Meier,	Kjellström,	&	Graham,	2006)	(Figure	S3).	These	results	sug-
gest	that	the	algorithm	used	by	MaxEnt	approximated	to	the	real	values	

F IGURE  3 Growth	(mean	+	SE,	n	=	20)	of	Laminaria ochroleuca	at	
the	end	of	the	experiment	in	each	combination	of	temperature	and	
nutrient	availability

F IGURE  4 Total	nitrogen	content	(mean	+	SE,	n	=	6)	in	Laminaria 
ochroleuca	sporophytes	at	the	end	of	the	experiment,	in	each	
combination	of	temperature	and	nutrient	availability
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revealing	a	strong	agreement	between	both	used	approaches	and	sup-
porting	temperature	as	the	main	predictor	for	this	species	distribution.

4  | DISCUSSION

In	this	study,	we	combined	experiments	manipulating	environmental	
drivers	with	 correlative	modelling	 approaches,	 linking	 species	 pres-
ences	 to	 environmental	 conditions,	 to	 predict	 distribution	 shifts	 of	
the	 golden	 kelp,	 L. ochroleuca.	We	 found	 congruence	 between	 the	
two	approaches,	suggesting	a	range	contraction	at	the	Southern	dis-
tribution	 range	 (Morocco	and	the	 Iberian	Peninsula)	and	a	potential	
expansion	northward	(e.g.	the	U.K.).	The	contraction	of	L. ochroleuca 
from	southern	Portugal	(Assis	et	al.,	2009;	Tuya	et	al.,	2012)	and	the	
rise	at	 southern	England	 (Smale	et	al.,	2015)	confirms	 these	 results.	
Temperature	was	 the	main	 driver	 contributing	 to	 forecast	 distribu-
tion	trends,	while	salinity	showed	a	comparatively	lower	contribution.	
Our	strategy	is	valuable	for	predicting	macroecological	patterns	and	
by	combining	empirical	physiological	responses	with	correlative	SDM	
models,	we	could	‘double-	check’	and	so	enhance	the	accurateness	of	
predictions	of	distribution	shifts	under	climate	change	(Buckley	et	al.,	
2011;	Martínez	et	al.,	2015).

Our	 eco-	physiological	 experiment	 revealed	 that	 juvenile	 kelp	
mortality	reached	a	50%	(LC50	thermal	threshold,	e.g.	Jones,	Lima,	&	
Wethey,	2010)	when	temperature	was	above	24.6°C,	irrespective	of	
nutrients.	These	results	match	the	mean	maximal	SST	the	species	ex-
periences	 at	 its	 southern	distributional	 limit	 in	Morocco,	 suggesting	
a	southern	lethal	distributional	boundary	in	agreement	with	previous	
studies	 (Flores-	Moya,	 2012;	 Izquierdo	 et	al.,	 2002).	 The	 tempera-
tures	at	which	juvenile	sporophytes	achieved	maximal	growth	in	our	
physiological	 experiment	 (12	 and	 15°C)	 are	within	 the	 lower	 range	
of	 mean	 maximum	 SST	 (~14°C)	 and	 the	 upper	 range	 of	 minimum	
SST	 (~16°C).	 Importantly,	 these	 values	 are	within	 the	mean	 annual	

water	 temperature	where	the	species	 is	 frequent,	such	as	along	the	
Galician	coast	(42°N,	8°W	and	44°N,	8°W,	Piñeiro-	Corbeira,	Barreiro,	
&	 Cremades,	 2016;	 Torres,	 2003).	 Physiological	 responses	 to	 tem-
peratures	were	 concurrently	 captured	 by	 the	 SDM,	which	 included	
the	mean	maximal	 SST	 as	 the	main	 climatic	 driver,	 followed	by	 the	
regional	variation	 in	 low	salinity,	which	explains	 the	absence	of	 this	
species	 from	 the	Baltic	 Sea.	The	 importance	 of	 salinity	 in	 the	 SDM	
can	be	related	with	accentuated	differences	in	this	variable	between	
areas	in	and	outside	the	Baltic	sea,	which	is	characterized	by	mean	low	
salinity	<15	psu	(Meier	et	al.,	2006);	L. ochroleuca	do	not	survive	under	
these	circumstances	 (John,	1969).	Moreover,	 the	SDM	suggests	 the	
importance	of	winter	temperature	(i.e.	mean	minimal	SST)	limiting	the	
northern	distribution	of	this	species.	Although	low	temperatures	were	
not	simulated	in	our	manipulative	experiment,	this	is	likely	because	of	
the	absence	of	L. ochroleuca	at	locations	with	mean	minimal	SST	lower	
than	8°C.	Previous	experimental	work	indicated	that,	at	temperatures	
below	10°C,	reproduction	L. ochroleuca	gametophytes	is	compromised	
and	 the	 growth	of	young	 sporophytes	 is	 not	 competitive	 (Izquierdo	
et	al.,	 2002).	 In	 our	 study,	we	 focused	 on	 juvenile	 individuals.	 Even	
though	 thermal	 tolerances	 may	 differ	 among	 different	 life	 stages	
(Lüning,	1984),	the	consequences	of	reaching	a	lethal	thermal	limit	for	
juveniles	are	expected	to	exert	an	overall	negative	impact,	potentially	
compromising	subsequent	ontogenic	transitions	and	the	maintenance	
of	viable	populations	in	southern	Europe.	In	addition,	the	experimental	
part	of	our	study	was	undertaken	under	natural	 light	conditions	and	
the	 potential	modulation	 of	 responses	 to	varying	 temperatures	 and	
nutrient	regimes	by	different	light	scenarios	(Brown,	Edwards,	&	Kim,	
2014)	remains	a	matter	to	be	tested.

Temperature	 is	 a	 key	 climatic	 variable	 explaining	 the	 biogeog-
raphy	of	 the	golden	kelp,	as	 it	 is	 for	many	kelps	world-	wide.	At	 low	
latitudes,	 these	foundation	macroalgae	have	shown	declining	trends	
linked	 to	 temperature	 increases,	 e.g.	 southern	 Europe	 (Fernandez,	
2011;	Voerman	et	al.,	2013)	and	western	Australia	 (Wernberg	et	al.,	

TABLE  2  (a)	Percent	contribution,	permutation	importance	(MaxEnt)	and	variable	importance	(GLM	BIOMOD)	of	selected	models.	Variables	
in	bold	were	selected	for	the	final	model.	(b)	Results	of	metrics	used	to	evaluate	the	models.	Values	are	the	same	independent	of	the	
percentage	of	points	used	for	training	the	model	(30–70–100%)

(a) Variable Acronym
MaxEnt MaxEnt GLM BIOMOD
Percent contribution Permutation importance Variable importance

Minimum sea surface temperature sstmin 57.5 72.7 0.405

Maximum sea surface temperature sstmax 24.9 26.5 0.376

Salinity salinity 16.8 0.0 0.358

Chlorophyll	A	Maximum	concentration chlomax 3.9 0.8 0.078

Nitrate nitrate 0.7 0.0 0.059

Maximum	Cloud	cover cloudmax 0.3 0.1 0.0

(b) Valuation test MaxEnt GLM BIOMOD

Average	test	AUC	for	the	10	replicate	runs 0.96

AUC 0.99

TSS 0.92

GLM,	generalized	linear	model;	AUC,	area	under	the	curve;	TSS,	true	skill	statistic.
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2016).	The	predicted	range	contraction	of	L. ochroleuca	at	its	southern	
distributional	range	 is	 likely	to	be	further	exacerbated	by	the	reduc-
tion	in	the	intensity	of	upwelling	that	has	occurred	along	the	Iberian	
Peninsula	 in	 the	 last	decades	 (Lemos	&	Pires,	2004;	 Llope,	Anadón,	
Sostres,	&	Viesca,	2007;	Sydeman	et	al.,	2014).	Several	kelp	species	
are	widely	distributed	along	the	Atlantic	coast	of	Europe,	showing	a	
continuous	 distribution	 from	 the	Arctic	 to	Brittany,	 but	 southwards	
they	 are	 only	 present	 in	 areas	 of	 intense	 upwelling	 (Lüning,	 1990).	
Moreover,	 concomitant	 biological	 factors,	 difficult	 to	 include	 into	
large-	scale	SDMs,	may	also	play	a	role	in	the	predicted	retraction.	For	
instance,	Franco	et	al.	(2015)	reported	that	kelps	from	warmer,	south-
ern,	locations	along	the	Portuguese	coast	are	exposed	to	more	intense	
grazing	pressure	than	kelps	from	colder,	northern,	locations.	Given	the	
lack	of	detailed	information	on	such	possible	influences,	caution	is	re-
quired	 in	predicting	the	expansion	of	L. ochroleuca	northwards	of	 its	
current	distribution.	This	 is	especially	true	since	a	common	assump-
tion	of	ecological	niche	theory	is	that	species	distributions	are	static	

in	space	and	time,	meaning	that	the	occurrence	of	a	species	is	in	equi-
librium	with	 its	environment	 (Guisan	&	Thuiller,	2005).	During	range	
expansion,	instead,	a	pioneer	species	might	not	be	in	such	a	condition	
due	to	several	factors,	 including	biological	 interactions	and	dispersal	
limitation	 (Araújo	&	Luoto,	2007;	Pearson	et	al.,	2006).	Therefore,	 it	
is	hard	to	know	how	much	of	a	species’	suitable	habitat,	exclusively	
determined	by	the	species’	requirements	and/or	tolerances,	is	repre-
sented	by	its	current	or	future	habitat	(Guisan	&	Thuiller,	2005;	Pacifici	
et	al.,	2015).	Nevertheless,	expected	contracted	distributional	edges,	
where	environmental	conditions	are	close	to	species	physiological	tol-
erance	 thresholds,	 support	 the	 trends	 forecasted	by	SDMs	 (e.g.	 this	
study,	Martínez	et	al.,	2015).

Our	 results	 suggest	 a	 non-	additive	 effect	 of	 temperature	 and	
nutrients	on	kelp	growth,	while	no	nutrient-	related	effects	on	 sur-
vival	were	found.	Kelp	growth	was	considered	‘optimal’	at	15°C	and	
sub-	optimal	 between	20	 and	24°C	with	 growth	being	 significantly	
reduced	by	48%	and	76%	under	high	 and	 low	nutrient	 conditions,	

F IGURE  5 MaxEnt	projections,	including	(a)	current	habitat	suitability	(from	year	2002	to	2009),	(b)	predicted	habitat	suitability	in	2100	
(A2	Intergovernmental	Panel	on	Climate	Change	scenario),	(c)	current	presence/absence	distribution,	and	(d)	predicted	presence/absence	
distribution	in	the	2100	scenario	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]

(a) (b)

(d)(c)
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respectively.	Responses	of	species	 to	abiotic	variables	are	complex	
and	may	vary	geographically	depending	on	environmental	conditions.	
Our	 experiment	 identified	 the	 relative	 importance	 of	 nutrients	 for	
kelp	performance	at	optimal	and	suboptimal	temperature	conditions	
that	were	otherwise	not	captured	by	the	SDMs.	Specifically,	at	op-
timal	 temperatures	 (12–18°C),	 the	 benefit	 of	 nutrient	 availability	
was	 fully	 taken	by	the	kelp.	Outside	the	optimal	 thermal	 range,	on	
the	 contrary,	 L. ochroleuca	 seems	 able	 to	 accumulate	 reserve	 nu-
trients,	 but	 not	 to	 use	 them	 to	 support	 growth.	 Variable	 nutrient	
uptake,	 assimilation	 and	 storage	 capabilities	were	 reported	 for	 pe-
rennial	kelps	which,	for	example,	exhibit	seasonally	varying	periods	
of	 growth	 to	 overcome	 subsequent	 periods	 of	 low	 resource	 avail-
ability	or	sub-	optimal	environmental	conditions	(Bartsch	et	al.,	2009;	
Gordillo,	2012;	Sheppard	et	al.,	1978).	Interestingly,	the	reduction	of	
kelp	physiological	performance	 (growth)	at	 low	nutrient	availability	
was	not	negative	per	se;	kelp	growth	rate	under	such	circumstance	
was	 still	 positive	 (>1	g	 FW/day).	 However,	 if	 extended	 periods	 of	
low	nutrient	availability	occur,	particularly	under	high	temperatures	
resulting	 in	 reduced	 growth,	 the	 fitness	 of	 individuals	would	 likely	
be	compromised.	Such	mechanisms	may	critically	 contribute	 to	 re-
ducing	the	resilience	of	kelp	populations	(Wernberg	et	al.,	2010).	In	
this	context,	the	non-	inclusion	of	N	as	a	predictor	 in	the	SDM	was	
not	crucial	in	setting	the	distributional	limits	of	the	species.	On	the	
other	 hand,	 the	 manipulative	 experiment	 indicated	 that	 nutrients	
are	 important	 supporting	 kelp	 growth,	 especially	 at	 optimal	 ther-
mal	 conditions.	 This	 apparent	 inconsistency	 is	 explained	 as	 SDMs	
are	well	 suited	 to	 capture	 latitudinal	 changes	 in	 patterns	 of	 distri-
bution,	while	eco-	physiological	experiments	are	expected	to	capture	
responses	 of	 individuals	 to	 factors	 that	 operate	mainly	 at	 local	 to	
regional	scales.	Indeed,	scaling	is	a	major	issue	for	any	kind	of	SDM	
(Guisan	&	Thuiller,	2005)	and,	if	regional	models	of	higher	resolution	
(reduced	geographic	 area)	 are	performed,	 the	 contribution	of	 non-	
climatic	physical	variables,	such	as	nutrients,	might	be	more	determi-
nant	(Guisan	&	Thuiller,	2005;	Kearney	&	Porter,	2009).

Distributional	 range	shifts	of	habitat	 formers	may	be	predicted	
with	 greater	 confidence	 by	 combining	mechanistic	 and	 correlative	
approaches,	which	are,	however,	rarely	combined	together	(but	see	
Martínez	et	al.,	 2015).	Here,	we	have	performed	eco-	physiological	
experiments	under	 realistic	 and	ecologically	 relevant	 conditions	 to	
be	 transferred,	and	embedded,	 into	SDMs	by	using	mean	monthly	
SST,	 as	 reference	 to	 thermal	 conditions.	 Sea-	surface	 temperature	
data	by	satellite	have	the	ability	to	detect	general	patterns	of	ecolog-
ical	importance	and	can	be	used	as	a	reference	to	real	environmental	
conditions	 (Smale	&	Wernberg,	2009).	This	 is	particularly	 the	case	
for	ocean	temperatures,	not	subjected	to	 large	oscillations	relative	
to	other	variables,	such	as	aerial	temperatures,	for	which	mean	val-
ues	would	be	much	less	precise	(Kearney	&	Porter,	2009;	Martínez	
et	al.,	 2015).	 We	 acknowledge	 that	 our	 strategy,	 i.e.	 mechanistic	
SDMs,	are	sometimes	difficult	to	construct,	due	to	the	requirement	
of	collecting	specific	data	on	life-	history	traits	of	a	given	organism,	
and	because	of	performing	extensive	field	and	laboratory	validation.	
However,	 in	 some	cases,	 available	 literature	may	offer	appropriate	
information	 for	 the	 construction	 of	 better	 predictions	 to	 combine	

knowledge	on	physiological	thresholds	to	environmental	conditions	
and	correlative	SDMs.	This	was	the	case	in	our	study,	which	took	ad-
vantage	of	the	northern	distributional	temperature	limit	of	L. ochro-
leuca,	e.g.	Bartsch	(1993).	In	a	broader	perspective,	such	an	option	
should	be	applicable	in	climate	change	scenarios,	where	range	con-
tractions	 due	 to	 physical	 stress	 are	 expected	 to	 be	mostly	 driven	
by	physiological	responses	of	species	reaching	their	tolerance	limits.	
The	multidisciplinary	approach	established	 in	this	study	represents	
a	valid	tool	to	assess	range	shifts	of	ecologically	 important	species	
induced	 by	 climate	 change,	 especially	 when	 consistent	 outcomes	
from	different	procedures	strengthen	the	robustness	of	their	derived	
predictions.
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