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Abstract
1.	 Global	warming	and	overexploitation	both	threaten	the	integrity	and	resilience	of	
marine	ecosystems.	Many	calls	have	been	made	to	at	least	partially	offset	climate	
change	impacts	through	local	conservation	management.	However,	a	mechanistic	
understanding	 of	 the	 interactions	 of	multiple	 stressors	 is	 generally	 lacking	 for	
habitat-	forming	 species;	 preventing	 the	 development	 of	 sound	 conservation	
strategies.

2.	 We	examined	 the	effectiveness	of	no-	take	marine	protected	areas	 (MPAs)	at	
enhancing	 structural	 complexity	 and	 resilience	 to	 climate	 change	on	popula-
tions	 of	 an	 overexploited	 and	 long-	lived	 octocoral.	We	 used	 long-	term	 data	
over	eight	populations,	subjected	to	varying	levels	of	disturbances,	and	Integral	
Projection	 Models	 to	 understand	 how	 the	 overfishing	 and	 mass-	mortality	
events	shape	the	stochastic	dynamics	of	the	Mediterranean	red	coral	Corallium 
rubrum.

3.	 Marine	protected	areas	 largely	 reduced	colony	partial	mortality	 (i.e.	 shrinkage),	
enhancing	the	structural	complexity	of	coral	populations.	However,	there	were	no	
significant	differences	in	individual	mortality	or	population	growth	rates	between	
protected	and	exploited	populations.	In	contrast,	warming	had	detrimental	conse-
quences	 for	 the	 long-	term	viability	of	 red	coral	populations,	driving	 steady	de-
clines	 and	 potential	 local	 extinctions	 due	 to	 sharp	 effects	 in	 survival	 rates.	
Stochastic	 demographic	 models	 revealed	 only	 a	 weak	 compensatory	 effect	 of	
MPAs	on	the	impacts	of	warming.

4. Policy implications.	Our	results	suggest	that	marine	protected	areas	(MPAs)	are	an	
effective	 local	conservation	tool	for	enhancing	the	structural	complexity	of	red	
coral	populations.	However,	MPAs	may	not	be	enough	to	ensure	red	coral's	per-
sistence	under	future	increases	in	thermal	stress.	Accordingly,	conservation	strat-
egies	aiming	to	ensure	the	persistence	and	functional	role	of	red	coral	populations	
should	include	management	actions	at	both	local	(well-	enforced	MPAs)	and	global	
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1  | INTRODUC TION

The	cumulative	effects	of	multiple	stressors	acting	at	both	local	and	
global	scales	threaten	the	integrity	and	resilience	of	virtually	all	ecosys-
tems,	and	have	been	particularly	of	concern	for	marine	ecosystems	and	
their	associated	services	(Ainsworth	et	al.,	2016;	Halpern	et	al.,	2008;	
Worm	et	al.,	2006).	The	rapid	rate	of	marine	biodiversity	loss	caused	
by	overexploitation	and	climate	change	is	raising	major	concerns	about	
the	effectiveness	of	current	conservation	strategies	(Hughes,	Graham,	
Jackson,	Mumby,	&	Steneck,	2010).	Global	policy	agreements	 to	 re-
duce	 greenhouse	 gas	 emissions	 are	 urgently	 needed	 to	 slow	 down	
the	current	rate	of	warming	and	other	drivers	of	global	change	such	
as	 ocean	 acidification	 (Anthony	 et	al.,	 2015;	 Kennedy	 et	al.,	 2013).	
Nonetheless,	at	local	scales,	conservation	management	tools	such	as	
fishing	restrictions	and	marine	protected	areas	 (MPAs)	may	enhance	
ecosystem	function	and	resilience	to	climate	change	(Bozec,	O'Farrell,	
Bruggemann,	 Luckhurst,	 &	 Mumby,	 2016;	 Mellin,	 Aaron	 MacNeil,	
Cheal,	Emsile,	&	Julian	Caley,	2016;	Mumby	&	Harborne,	2010;	Wolff,	
Mmumby,	Devlin,	&	Anthony,	2018).	Given	this	dichotomy,	there	are	
multiple	calls	for	the	use	of	local	conservation	tools	to	compensate	for	
delayed	and	ineffective	efforts	to	slow	or	reverse	climate	change	im-
pacts	(Hughes	et	al.,	2010;	Roberts	et	al.,	2017).

At	a	global	scale,	climate-	induced	mass	bleaching	and	mortality	
events	 are	 among	 the	greatest	 threats	 faced	by	 tropical	 and	 tem-
perate	marine	 benthic	 ecosystems	 (Garrabou	 et	al.,	 2009;	Hughes	
et	al.,	2018;	Wernberg	et	al.,	2016).	Several	comprehensive	studies	
have	reported	the	immediate	detrimental	 impacts	of	positive	ther-
mal	anomalies	on	habitat-	forming	species	such	as	corals	and	sponges	
(Garrabou	et	al.,	2009;	Hughes	et	al.,	2017),	but	much	less	is	known	
about	 the	 long-	term	 consequences	 of	 these	 recurrent	 events.	
Individual-	based	 demographic	 data	 and	 modelling	 tools	 such	 as	
structured	population	models	can	improve	predictions	of	the	effects	
of	 global	warming,	 as	well	 as	 provide	 a	 framework	 to	 understand	
how	these	effects	interact	with	other	stressors.

In	a	context	of	rapid	environmental	change,	a	critical	uncertainty	
is	how	effective	local	management	tools	such	as	no-	take	MPAs	are	in	
enhancing	the	resilience	of	benthic	ecosystems	to	recurrent	warm-
ing	impacts.	Some	studies	suggest	positive	effects	of	MPAs	on	coral	
cover	and	complexity	(Linares	et	al.,	2010;	Selig	&	Bruno,	2010),	re-
cruitment	 (Mumby	 et	al.,	 2007)	 and	 resilience	 (Mellin	 et	al.,	 2016;	
Micheli	 et	al.,	 2012;	Olds	 et	al.,	 2014).	 But	 null	 (Bruno	&	Valdivia,	
2016;	 Cox,	 Valdivia,	McField,	 Castillo,	 &	 Bruno,	 2017;	 Toth	 et	al.,	

2014)	or	even	negative	relationships	between	local	protection	and	
resistance	to	climatic	disturbances	have	also	been	reported	(Graham	
et	al.,	 2008;	 Hughes	 et	al.,	 2017;	McClanahan,	 2008).	 Developing	
better	methods	 to	 assess	 how	 local	management	 shapes	 the	 sto-
chastic	dynamics	and	structural	complexity	of	habitat-	forming	spe-
cies	is	thus	a	key	research	need.

The	success	of	local	conservation	efforts	in	effectively	mitigat-
ing	 for	climate	change	effects	will	depend	on	 the	extent	 to	which	
different	impacts	are	additive,	synergistic	or	compensatory	in	their	
combined	 effects	 (Figure	1).	 In	 marine	 coastal	 systems,	 ecologi-
cal	synergies	between	fishing	and	climate	change	have	been	com-
monly	 hypothesized,	 but	 meta-	analyses	 and	 empirical	 evaluations	
have	 suggested	 that	 they	 are	 less	 frequent	 than	 expected	 (Côté,	
Darling,	&	Brown,	2016;	Darling	&	Côté,	2008).	However,	most	prior	
work	 has	 been	 carried	 out	 through	 correlational	 approaches,	 pre-
venting	 a	 clear	 dissection	 of	 the	 effects	 of	 individual	 drivers.	 For	
example,	 losses	 of	 percent	 cover	 in	 corals,	 or	many	other	 easy	 to	
monitor	measures	of	impact,	can	arise	from	different	processes	and	
lead	 to	 counter-	intuitive	 interactions	 between	 stressors	 (Darling,	
McClanahan,	&	Côté,	 2010).	 Thus,	we	 still	 need	 better	mechanis-
tic	frameworks	for	understanding	how	multiple	stressors	interact	to	
mitigate	or	exacerbate	 their	negative	consequences	on	vulnerable	
ecosystems	(Côté	et	al.,	2016).

While	there	are	different	 levels	of	mechanistic	analysis,	one	
that	 can	 uncover	 at	 least	 some	 synergies	 or	 other	 interactions	
is	 demographic	 modelling,	 which	 tries	 to	 tie	 stressors	 to	 im-
pacts	 on	 particular	 vital	 rates.	 Yet,	 obtaining	 individual-	based	
demographic	 data	 can	 be	 methodologically	 challenging	 in	 the	
marine	 realm,	 and	 there	 are	 few	 long-	term	 datasets	 that	 allow	
for	 an	 in-	depth	 exploration	 of	 the	 interactive	 effects	 of	multi-
ple	 drivers.	 Here,	 we	 apply	 a	 demographic	 analysis	 to	 look	 at	
the	impact	of	two	major	threats—ocean	warming	and	fishing—to	
populations	of	a	long-	lived	octocoral.	We	show	that,	because	of	
their	 contrasting	 effects	 on	 different	 vital	 rates,	 these	 threats	
do	not	have	 the	 strong	 synergies	or	 compensatory	effects	 that	
might	in	theory	be	expected.	Focusing	on	the	Mediterranean	red	
coral,	Corallium rubrum,	which	 is	a	precious	 long-	lived	octocoral	
with	an	important	structural	role	in	Mediterranean	hard-	bottom	
communities,	 we	 first	 (a)	 quantify	 the	 effects	 of	 fishing	 (local	
stressor)	 and	 warming-	driven	 mass	 mortality	 events	 (MMEs,	
global	 stressor)	 to	 specific	 vital	 rates.	 Then,	we	 (b)	 predict	 the	
long-	term	consequences	of	 these	 two	different	 threats.	Finally,	

scales	 (reductions	 in	greenhouse	gas	emissions).	 Finally,	 this	 study	unravels	 the	
divergent	demographic	consequences	that	can	arise	from	multiple	stressors	and	
highlights	the	key	role	of	demography	in	better	understanding	and	predicting	the	
consequences	of	combined	impacts	for	vulnerable	ecosystems.

K E Y W O R D S

climate	change,	Corallium rubrum,	heat	waves,	integral	projection	models,	marine	protected	
areas,	multiple	stressors,	overfishing,	Mediterranean	Sea	
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we	(c)	evaluate	the	interactive	effects	of	global	change	and	local	
protection	on	 the	 fate	of	 red	coral	populations.	Our	 results	 re-
veal	detrimental	effects	of	 climate	change	on	 red	coral	dynam-
ics	 and	 challenge	 previous	 assumptions	 of	 MPA	 capacity	 to	
buffer	climatic	 impacts.	We	also	provide	 insights	 into	how	local	
protection	 can	 shape	 the	 structural	 complexity	 and	 dynamics	
of	 this	 long-	lived	 octocoral.	Our	 approach	 highlights	 how	 pop-
ulation	 models	 can	 be	 used	 to	 integrate	 individual-	based	 de-
mographic	 data	 on	 different	 impacts	 to	 predict	 the	 stochastic	 
dynamics	of	populations	threatened	by	multiple	stressors.

2  | MATERIAL S AND METHODS

2.1 | Study System

The	 Mediterranean	 red	 coral,	 C. rubrum,	 is	 an	 iconic	 and	 long-	
lived	 precious	 octocoral	 with	 an	 important	 structural	 role	 in	
Mediterranean	 hard-	bottom	 communities	 (Ballesteros,	 2006;	
Garrabou	 et	al.,	 2017).	 During	 the	 last	 several	 decades,	 there	
has	 been	 a	 growing	 concern	 about	 the	 conservation	 of	 the	
Mediterranean	 red	coral	due	both	 to	unsustainable	 fishing	prac-
tices	 (Bruckner,	 2014;	Montero-	Serra	 et	al.,	 2015;	 Tsounis	 et	al.,	
2010)	 and	 to	 multiple	 mortality	 events	 associated	 with	 recent	
warming	in	the	Mediterranean	Sea	(Cerrano,	Bavestrello,	&	Bianchi,	
2000;	Coma	et	al.,	2009;	Garrabou,	Perez,	Sartoretto,	&	Harmelin,	

2001;	Garrabou	et	al.,	2009).	As	a	result,	this	species	has	recently	
been	listed	as	an	endangered	species	in	the	IUCN	Mediterranean	
Red	 List	 of	 Threatened	Species	 due	 to	 the	 risks	 associated	with	
overexploitation	and	climate	change	(Otero	et	al.,	2017).

2.2 | Study area and coral monitoring

Eight	 red	 coral	 populations	 located	 in	 different	 locations	 in	 the	
NW	 Mediterranean	 Sea	 at	 relatively	 shallow	 depths	 (15–25	m),	
were	monitored	 during	 periods	 ranging	 from	3	 to	 13	years.	 Five	
of	 the	 studied	 populations	were	 located	within	MPAs	 and	 three	
were	non-	protected	and	subject	 to	 several	 fishing	events	during	
the	monitoring	(Montero-	Serra	et	al.,	2015).	One	of	the	protected	
populations,	located	in	the	Réserve	Natural	de	Scandola	(Corsica,	
France),	has	been	recurrently	affected	by	warming-	induced	MMEs	
since	2003	(Coma	et	al.,	2009;	Garrabou	et	al.,	2009	for	a	detailed	
description	of	study	sites	see	Supporting	Information	Table	S1).

In	each	population,	from	2	to	4	replicate	transects	were	marked	
using	 plastic	 screws	 attached	 to	 the	 substratum.	 Colonies	 were	
monitored	once	a	year	using	photographic	 series,	which	allow	 the	
individual	 identification	 of	 colonies	 as	well	 as	 an	 accurate	 assess-
ment	of	life-	history	processes	such	as	colony	growth,	partial	mortal-
ity	(e.g.	shrinkage	and	necrosis),	total	mortality	and	recruitment	(for	
more	details	see	Royer	et	al.,	2018;	Montero-	Serra,	Garrabou,	Doak,	
Figuerola,	et	al.,	2018).

F IGURE  1 Conceptual	models	for	two	interacting	stressors.	Potential	interactions	can	be	additive	(left),	in	which	the	total	impact	is	
equivalent	to	the	sum	of	the	two	individual	stressors,	synergistic	(center),	when	the	combined	effect	leads	to	a	higher	impact	than	the	
expected	addition	of	the	two	individual	sressors,	and	compensatory	(right),	when	the	combined	effects	of	the	two	stressors	lead	to	a	lower	
impact	than	the	expected	sum	of	the	two	individual	stressors.	On	the	bottom	pannels	(d,	e	and	f),	[λS]	represents	the	long-term	stochastic	
growth	rate	of	a		given	population.
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2.3 | Demographic analyses

To	estimate	the	spatial	and	temporal	variability	 in	demography	for	
our	study	species,	we	fit	a	set	of	annual-		and	population-	level	mod-
els	 for	 size-	specific	 vital	 rates.	 These	 vital	 rates	 models	 included	
colony	 size	 and	 year	 as	 fixed	 effects	 and	were	 first	 fit	 separately	
for	each	population	and	vital	 rate:	 logistic	generalized	 linear	mod-
els	 (GLMs)	 described	 probabilities	 of	 annual	 survival	 and	 extreme	
shrinkage	 (described	below)	 rates,	a	normally	distributed	GLM	de-
scribed	normal	growth	data,	and	a	Poisson	GLM	described	fecundity.

As	 for	many	other	 clonal	 species,	 red	 coral	 can	both	 grow	and	
shrink	over	time.	Height	data	from	all	annual	photographs	were	not	
available,	and	growth	is	so	slow	in	this	species	that	even	7–8-	year	time	
periods	only	result	in	mean	growth	on	the	order	of	10–40	mm	in	max-
imum	height	(2.74	±	0.19	mm/year,	Montero-	Serra,	Garrabou,	Doak,	
Figuerola,	et	al.,	2018).	Thus,	growth	data	from	two	populations	over	
variable	length	periods	(7	and	8	years)	were	used	to	fit	a	single	model	
characterizing	mean	annual	growth	rate	depending	on	size.	Shrinkage	
or	negative	growth	is	a	common	process	in	plants	and	sessile	inverte-
brates	(Salguero-	Gómez	&	Casper,	2010)	that	is	usually	accounted	for	
by	assuming	normally	distributed	variation	in	size	changes	around	a	
mean	rate.	However,	for	many	species	assuming	normally	distributed	
growth	 variance	 is	 problematic,	 because	 a	 few	 individuals	 experi-
ence	sporadic	extreme	shrinkage	events	and	these	results	in	a	highly	
skewed	distribution	of	growth	rates	(Shriver,	Cutler,	&	Doak,	2012).	
We	accounted	 for	 these	 two	 types	of	growth	 following	 the	proce-
dures	proposed	by	Shriver	et	al.	(2012),	describing	normal	growth	and	
extreme	shrinkage	as	a	two-	part	process	(Montero-	Serra,	Garrabou,	
Doak,	Figuerola,	et	al.,	2018).	Size-	dependent	extreme	shrinkage	was	
fit	as	two	parameters	(annual	probability	of	shrinking,	and	then	mean	
and	variance	if	 it	occurs).	Unlike	normal	growth,	extreme	shrinkage	
probabilities	were	fit	to	each	population	and	time	period.	We	did	not	
attempt	to	model	the	variance	around	normal	growth	rates	due	to	the	
extremely	low	variance	around	mean	growth.	While	this	is	a	simplifi-
cation,	our	previous	work	has	shown	that	red	coral	population	growth	
has	relatively	low	sensitivity	to	growth	rates,	which	likely	minimizes	
any	effects	of	this	modelling	decision	(Montero-	Serra,	Linares,	Doak,	
Ledoux,	&	Garrabou,	2018).

To	 directly	 assess	 the	 mean	 effect	 of	 different	 disturbances	
on	coral	 survival	 and	extreme	shrinkage	 rates,	we	also	 fit	 a	 set	of	
GLMMs	including	colony	size	and	disturbance	level	(protected,	un-
protected,	warming)	as	fixed	factors	and	population	and	year	as	ran-
dom	effects	(Supporting	Information	Tables	S2	and	S3).

2.4 | Integral projection models

Based	on	the	GLMs	characterizing	each	vital	rate,	we	derived	a	set	of	
annual	size-	structured	 integral	projection	models	 for	each	popula-
tion	(see	Montero-	Serra,	Garrabou,	Doak,	Figuerola,	et	al.,	2018	for	
details	on	vital	rates	estimation	and	model	construction).	These	sets	
of	models	were	used	 to	compute	 the	 long-	term	stochastic	growth	
rate	at	each	population,	as	well	as	growth	rates	assuming	different	
combinations	of	local	management	and	climate	effects,	as	described	

below.	To	quantify	uncertainty	in	population	growth	estimates,	we	
applied	a	bootstrap	resampling	to	the	whole	dataset	and	derived	a	
set	of	annual-		and	population-	level	matrices	for	each	run	(n	=	1,000).	
We	then	computed	short-	term	stochastic	population	growth	rate	(λs)	
for	each	red	coral	population,	based	on	their	observed	variation	in	
demography,	by	choosing	each	of	the	annual	transition	matrices	es-
timated	for	each	population	with	equal	probability	over	a	 relevant	
time	horizon	of	100	years.	This	methodology	 is	commonly	used	 in	
population	 viability	 analysis	 (Genovart	 et	al.,	 2017).	 In	 the	 simula-
tions,	we	randomly	drew	each	of	the	observed	annual	matrices	with	
equal	probability.	Simulations	were	initiated	with	a	population	at	the	
stable	stage	distribution	of	 the	mean	matrix	 for	 the	population.	λs 
was	estimated	as:

where Ntotal,t	 is	 the	 summed	population	number	 across	 all	 sizes	 at	
time	 t.	 The	 resulting	distribution	of	λs	 values	 reflect	 variation	due	
to	both	parameter	uncertainty	and	stochastic	outcomes	over	a	rela-
tively	short	time	horizon.

2.5 | Local protection effects on population size and 
colony- size structure dynamics

We	tested	the	effect	of	local	management	on	the	dynamics	of	coral	
populations	by	simulating	1,000	 trajectories	during	50	years	using	
36	 annual-		 and	 population-	level	 IPMs	 derived	 from	 the	 demo-
graphic	data	on	four	protected	red	coral	populations	within	MPAs	
(21	matrices)	and	three	unprotected	coral	populations	(15	matrices)	
(Supporting	Information	Table	S1).	As	a	starting	population	vector,	
we	 set	100	 individuals	 at	 the	 stable	 stage	distribution,	which	cor-
responded	to	the	right	eigenvector	of	a	mean	matrix	that	 included	
both	 treatments.	 In	 each	 simulation,	we	 randomly	 picked	 one	 an-
nual	transition	matrix	from	the	suite	of	matrices	estimated	across	all	
years	and	populations	for	either	protected	or	unprotected	sites.	To	
explore	potential	effects	of	transient	dynamics	and	initial	conditions	
to	 alter	 the	 results,	we	 also	 ran	 a	 set	 of	 demographic	 simulations	
using	the	observed	size	distributions	at	each	treatment	as	well	as	an	
average	size	distribution	among	treatments;	the	results	showed	pat-
terns	consistent	with	those	of	the	main	simulation	tests	(Supporting	
Information	Figures	S2	and	S3).

Structural	 complexity	 is	 an	 important	 indicator	 to	 assess	 the	
health	 status	 and	 functional	 role	 of	 key	 marine	 habitat-	forming	
organisms	 such	 as	 corals	 and	 gorgonians.	 Thus,	we	quantified	 the	
proportion	of	 large	 coral	 colonies	 (>100	mm)	as	 a	proxy	 for	popu-
lation	 structural	 complexity	 (Linares	 et	al.,	 2010;	 Montero-	Serra,	
Garrabou,	Doak,	Figuerola,	et	al.,	2018).

2.6 | Climate- induced mortality: Demographic 
effects of extreme heat waves

The	effects	of	heat	waves	were	modelled	under	current	conditions	
using	13	years	of	demographic	monitoring	data	 in	an	affected	 red	
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coral	 population	 located	 in	 the	 Scandola	 Natural	 Park	 (Corsica,	
France).	 This	 population	 has	 experienced	 several	 warming	 events	
that	 led	 to	 significant	 demographic	 effects.	 A	 total	 of	 13	 annual-	
level	 IPMs	were	 derived	 from	 the	 demographic	 dataset	 and	were	
used	 to	 forecast	 the	 long-	term	dynamics	of	 this	 population	under	
current	 trends.	We	compared	 the	observed	number	of	 coral	 colo-
nies	from	2003	to	2016	to	1,000	projected	simulated	trajectories.	
Simulations	 were	 started	 with	 the	 observed	 initial	 abundance	 in	
2003	 (n	=	143	colonies)	and	colony-	size	distribution,	and	were	run	
for	50	years.	In	addition,	to	estimate	the	effects	of	warming	events	
on	size-	dependent	survival	rates	 (the	main	vital	 rate	 influenced	by	
these	 events),	we	 fit	 a	 logistic	GLM	 to	 the	 survival	 data	 of	 2016,	
when	the	highest	intensity	MME	was	recorded.

2.7 | Modelling the combined effect of fishing and 
warming- induced MMEs

To	 explore	 the	 interactive	 effects	 of	 local	 and	 global	 stressors	
(fishing	 and	 warming-	driven	MMEs)	 on	 the	 long-	term	 stochastic	
growth	rate	and	mean	time	to	extinction	of	red	coral	populations,	
we	simulated	dynamics	under	100	scenarios	of	fishing	and	warm-
ing	 impacts.	To	present	stable	mean	results,	 in	these	simulations,	
we	 only	 included	 demographic	 variation	 due	 to	 local	 protection	

and	warming	events,	but	not	population	or	annual	variation	in	vital	
rates.	Local	management	showed	no	significant	effects	on	the	sur-
vival	 rate	 of	 coral	 colonies,	 but	 it	 does	 strongly	 impact	 extreme	
shrinkage	probability	(Figure	2).	Therefore,	we	used	the	predicted	
mean	 values	 from	 GLMMs	 for	 extreme	 shrinkage	 probability	 in	
protected	versus	unprotected	coral	populations	to	explore	the	ef-
fects	 of	MPAs.	 To	 provide	 a	 continuous	 gradient	 of	 local	 distur-
bances,	we	multiplied	the	effect	size	estimate	of	MPA	effect	by	10	
values	 ranging	 from	0	 to	1	 (Supporting	 Information	Table	S3	and	
Figure	S5).	The	lowest	level	of	local	disturbance	was	0	effect	size	
(corresponding	to	observed	shrinkage	within	MPAs),	while	highest	
level	was	the	shrinkage	probability	observed	in	unprotected	coral	
populations.	Similarly,	we	simulated	10	levels	of	the	annual	prob-
ability	of	high	intensity	MMEs.	These	ranged	from	0.05	to	0.95	and	
were	 set	 using	mortality	 rates	 quantified	 during	 a	 high	 intensity	
mortality	event	occurred	in	2016	in	Palazzu	(Figure	4b),	and	back-
ground	 mortality	 rates	 quantified	 using	 data	 from	 all	 monitored	
populations	 (Supporting	 Information	Table	S1).	We	computed	the	
long-	term	stochastic	population	growth	rate	of	the	100	combined	
scenarios	of	MMEs	and	 local	protection	using	 the	same	method-
ology	 described	 above.	 We	 also	 used	 stochastic	 projections	 to	
computed	mean	time	to	extinction	for	each	combination	of	stress-
ors	 by	 setting	 an	 initial	 population	 size	 of	 N0	=	100	 individuals,	

F IGURE  2 Local	protection	effects	on	coral	population	dynamics	and	structural	complexity.	Unprotected	sites	affected	by	recurrent	
fishing	events	(red)	and	protected	sites	within	MPAs	where	fishing	is	not	allowed	(blue).	(a)	Long-	term	stochastic	population	growth	rate	at	
each	site.	(b,	d)	MPA	effects	in	vital	rates:	(b)	total	mortality	(%	of	annual	dead	colonies	depending	on	maximum	colony	size)	and	(d)	partial	
mortality	(annual	shrinkage	probability	depending	on	colony	size).	(c,	e)	Simulated	stochastic	dynamics	in	abundance	(c)	and	structural	
complexity	(e),	represented	as	%	of	large	colonies	(>100	mm)

(a) (b) (c)

(d) (e)
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and	a	quasi-	extinction	threshold	of	10%	that	corresponded	to	10	
individuals.

3  | RESULTS

3.1 | Demographic consequences of fishing and no- 
take MAPs

All	 seven	 red	 coral	 populations	 not	 subject	 to	 MMEs	 had	 very	
low	 extinction	 risk,	 with	 long-	term	 stochastic	 growth	 rates	 near	
or	 at	 those	 for	 a	 stable	 population	 (median	 λs	=	1.0088;	 95%	
CI	=	0.9941–1.0165);	and	 this	was	consistent	across	protected	and	
unprotected	populations	(protected	sites,	median	λs	=	1.0094;	95%	
CI	=	1.0000–1.0165;	 unprotected	 sites,	 median	 λs	=	0.9993,	 95%	
CI	=	0.9930–1.0167;	 Figure	2a	 and	 Supporting	 Information	 Figure	
S1).	 Size-	dependent	 mortality	 rates	 also	 did	 not	 differ	 between	
unprotected	and	protected	 red	coral	populations	 (Logistic-	GLMM;	
p	=	0.6810;	Figure	2b,	Supporting	 Information	Table	S2).	Projected	
dynamics	using	IPMs	fitted	to	data	from	protected	and	unprotected	
populations	 showed	very	 similar	 patterns	 regardless	of	 protection	
status	(Figure	2c).

In	contrast,	 colony	shrinkage	 rates	depended	strongly	on	 local	
management	status.	The	best	 fitted	model	 for	 shrinkage	probabil-
ity	included	a	significant	interaction	between	coral	colony	size	and	
protection	 status,	with	much	 higher	 shrinkage	 rates	 for	 large	 and	
unprotected	 coral	 colonies	 (Figure	2d,	 Logistic	 GLMM;	 p < 0.001; 
Supporting	 Information	 Table	 S3).	 When	 considering	 the	 propor-
tion	of	large	colonies	as	proxy	of	population	structural	complexity,	
projected	trajectories	of	coral	populations	within	and	outside	MPAs	

showed	divergent	trajectories:	starting	at	the	stable-	stage	distribu-
tion,	protected	populations	maintained	 their	 structural	 complexity	
while	unprotected	populations	showed	strong,	rapid	decrease	in	the	
abundance	of	large	coral	colonies	(Figure	2e).	This	caused	a	change	in	
the	relative	importance	of	life-	history	processes	depending	on	local	
management	schemes.	In	protected	populations,	stasis,	the	probabil-
ity	of	surviving	but	remaining	approximately	the	same	size,	was	the	
dominant	life-	history	process,	with	large	colonies	remaining	within	
the	same	state	and	resulting	 in	high	structural	complexity.	On	the	
contrary,	recurrent	shrinkage	events	coupled	to	slow	colony	growth	
drive	a	 structural	 simplification	 in	unprotected	populations,	which	
are	dominated	by	small	and	medium-	size	coral	colonies	(Figure	3	and	
Supporting	Information	Figure	S4).	Across	colony	sizes,	stasis	(com-
puted	by	 summing	 all	 the	 cell	 values	 from	 the	diagonal	 of	 the	big	
matrix	derived	from	the	IPMs)	is	the	dominant	demographic	process	
in	both	protected	and	unprotected	sites.	However,	in	large	colonies	
(>100	mm),	summed	stasis	probabilities	decreased	from	60%	in	pro-
tected	populations	to	36%	in	unprotected	ones,	while	shrinkage	(the	
probability	of	surviving	but	declining	in	size,	computed	as	the	sum	of	
all	elements	below	the	first	row	and	above	the	main	diagonal	of	the	
big	matrix),	 increased	from	8%	 in	protected	populations	to	38%	in	
unprotected	ones	(Supporting	Information	Figure	S4).

3.2 | Demographic consequences of warming- 
driven MMEs

Recurrent	 positive	 temperature	 anomalies	 caused	 several	 mass-	
mortality	 events	 in	 the	 red	 coral	 population	 at	 Palazzu	 (Corsica)	
during	 the	 13	 years	 of	 demographic	 monitoring	 (Figure	4).	 These	

F IGURE  3 Effects	of	local	protection	and	overfishing	on	demographic	processes	and	structural	complexity	of	red	coral	populations.	The	
conceptual	diagram	shows	how	shrinkage	rates	and	stasis	of	large	colonies	are	shaped	by	local	protection	(left)	and	fishing	(right).	Protection	
from	fishing	results	in	more	complex	red	coral	populations	with	presence	of	large	coral	colonies,	whereas	recurrent	fishing	events	outside	
marine	protected	areas	cause	a	structural	simplification	of	populations	which	are	dominated	by	small	to	medium	size	coral	colonies	(stasis	
and	shrinkage	probabilities	for	large	colonies	are	shown	in	Supporting	Information	Figure	S4)

(a) (b)
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F IGURE  4 Demographics	effects	of	warming-	driven	mass	mortality	events.	(a)	Long-	term	stochastic	dynamics	on	a	warming-	affected	red	
coral	population.	Dots	show	the	observed	abundance	during	the	13	years	of	monitoring.	Grey	lines	represent	1,000	stochastic	projections	
using	IPMs	and	yellow	area	represents	the	95%	CI	around	the	predicted	trajectories	(quantiles	2.5%	and	97.5%).	(b)	Logistic	GLMMs	describe	
undisturbed	mortality	rates	across	all	populations	and	years	(excluding	mass	mortality	events	[MME])	(green)	and	a	GLM	describe	mortality	
rates	during	the	high	intensity	MME	recorded	in	2016	at	Palazzu	population	(orange)

(a) (b)

F IGURE  5  Interactive	effects	of	local	
and	global	stressors	on	the	stochastic	
population	dynamics	and	extinction	risk	of	
Mediterranean	red	coral	populations.	(a)	
Long-	term	stochastic	growth	rate	(λs)	and	
(b)	the	mean	time	to	extinction.	Vertical	
axis	represents	levels	of	local	disturbance	
intensity	(see	Section	2	and	Supporting	
Information	Figure	S5)	and	horizontal	axis	
represents	levels	of	probability	of	mass	
mortality	events

(a)

(b)
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mortality	 events	 resulted	 in	 a	 negative	 long-	term	 stochastic	
growth	 (median	 λs	=	0.9729,	 95%	 CI	=	0.9573–0.9867,	 Supporting	
Information	Figure	S1)	and	drove	a	steady	decline	that	may	result	in	
the	local	extinction	of	the	warming-	affected	population	(Figure	4a).	
The	most	 severe	event	was	observed	during	 the	 summer	of	2016	
and	caused	whole-	colony	mortality	 rates	of	approximately	25%	of	
the	total	coral	colonies	(Figure	4b).

3.3 | Interactive effects of local (fishing) and global 
(warming- induced mortalities) stressors

Simulated	trajectories	under	multiple	scenarios	of	differing	intensi-
ties	of	global	warming	and	fishing	revealed	that	red	coral	long-	term	
stochastic	population	growth	rate	 is	highly	sensitive	 to	changes	 in	
frequency	of	climate-	driven	mass	mortality	events	 (MMEs),	 in	par-
ticular	 (Figures	5	and	6).	Local	protection	was	an	 important	 factor	
enhancing	population	growth	under	low	MME	probability.	However,	
its	effects	were	biologically	negligible	under	hypothetical	scenarios	
of	 increased	frequency	of	mortality	events,	as	all	growth	rates	are	
below	one	when	MMEs	become	common	(Figure	5).	Overall,	we	find	
little	evidence	for	strong	synergistic	or	compensatory	 interactions	
among	these	two	stressors.	When	these	extreme	events	are	uncom-
mon,	we	 see	 some	 evidence	 for	 compensatory	 effects	 on	 growth	
rates	between	the	two	stressors	(Figure	5a	vs.	Figure	1f),	but	in	gen-
eral	growth	 isoclines	are	 largely	 linear,	 suggesting	additive	effects	
(Figure	5a	vs.	Figure	1d).	Time	to	extinction	shows	more	consistently	
convex	isoclines	(Figure	5b),	suggesting	somewhat	more	compensa-
tory	 interaction	between	the	two	stressors,	but	 this	was	still	 rela-
tively	weak.

4  | DISCUSSION

Predictions	of	future	ecological	change	are	challenged	by	a	poor	un-
derstanding	of	how	multiple	stressors	interact	to	shape	the	dynam-
ics	and	structure	of	populations	and	communities.	Here,	we	show	

the	 strong	 but	 divergent	 demographic	 consequences	 of	warming-	
induced	mortality	events	and	overfishing	on	a	long-	lived	octocoral.	
Recurrent	heat	waves	raise	whole-	colony	mortality	rates	and	com-
promise	the	long-	term	viability	of	red	coral	populations.	By	contrast,	
banning	fishing	in	MPAs	did	not	affect	coral	mortality	patterns	but	
did	 reduce	 shrinkage	 rates,	 allowing	 colonies	 to	 attain	 large	 sizes	
and	 strongly	 increasing	 the	 structural	 complexity	 of	 populations.	
However,	our	results	suggest	that	these	local	and	global	scale	stress-
ors	are	mostly	additive,	with	MPAs	having	only	a	weak	compensa-
tory	effect	on	the	population-	level	effects	of	warming	events.

4.1 | Effects of global warming on red coral 
populations

In	the	Mediterranean,	several	warming	events	have	impacted	ben-
thic	 communities	 dominated	 by	 slow-growing	 species,	 across	 vast	
regions	 (Cerrano	 et	al.,	 2000;	Garrabou	 et	al.,	 2009).	 The	 immedi-
ate	destructive	effects	of	these	widespread	climate-	driven	mortality	
events	in	corals	and	other	habitat-	forming	marine	invertebrates	are	
well-	known	 (Garrabou	et	al.,	2009;	Hughes	et	al.,	2017).	However,	
predictions	 of	 the	 long-	term,	 population-	level	 consequences	 of	
these	events	are	still	relatively	scarce.	In	this	study,	stochastic	pro-
jections	based	on	individual-	level	demographic	data	over	a	13-	year	
period	in	a	red	coral	population	subjected	to	recurrent	climatic	dis-
turbances	 revealed	clear	detrimental	consequences	 for	population	
health	 (Figure	4).	 These	projections,	 based	on	empirical	 data	 from	
2003	to	2016,	are	likely	to	underestimate	the	impact	of	future	warm-
ing	in	this	red	coral	population.	There	is	still	uncertainty	around	the	
expected	 future	 climatic	 trends.	However,	 current	 evidences	 sug-
gest	 that	 the	 frequency	 and	 intensity	 of	 heat	 waves	 has	 already	
increased	and	is	likely	to	continue	following	this	path	during	this	cen-
tury	(Hughes	et	al.,	2017,	2018).	This	is	especially	worrisome	for	the	
Mediterranean	Sea,	where	warming	is	occurring	at	faster	rates	than	
in	larger	ocean	basins	(Macias,	Garcia-	Gorriz,	&	Stips,	2013;	Vargas-	
Yanez	et	al.,	2008).	Under	these	trends,	local	extirpation	of	shallow	
red	coral	populations	appears	likely	in	a	near	future.	The	predicted	

F IGURE  6 Demographic	simulations	
show	an	additive	interaction	between	
local	disturbances	(overfishing)	and	global	
warming	(probability	of	mass	mortality	
event)	on	the	long-	term	stochastic	
growth	rate	of	Mediterranean	red	coral	
populationsProbability of mass mortality event
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declines	can	be	even	more	adverse	for	long-	lived	species	such	as	the	
red	coral,	in	which	rescue	effects	are	very	unlikely	at	ecological	time-	
scales	 due	 to	 highly	 restricted	 larval	 dispersal	 (Ledoux,	Garrabou,	
et	al.,	 2010;	 Ledoux,	 Mokhtar-	Jamaï,	 et	al.,	 2010).	 For	 long-	lived	
species	with	slow	population	dynamics,	catastrophic	consequences	
could	go	unnoticed	by	managers	when	looking	at	short-	term	trends	
(Hughes,	Linares,	Dakos,	Van	de	Leemput,	&	Van	Nes,	2013).	Some	
authors	 have	 suggested	 that	 adaptive	 responses	 can	 lead	 to	 in-
creased	thermal	resistance	of	red	coral	colonies	to	warming	(Ledoux	
et	al.,	2015).	However,	observed	 increases	on	the	severity	of	mor-
tality	events	and	their	long-	lasting	consequences	provide	little	em-
pirical	 support	 to	 any	 adaptive	 process	 that	 could	 counterbalance	
these	climate	change	 impacts.	Furthermore,	 long	generation	times	
for	habitat-	forming	species	such	as	the	red	coral	make	rapid	genetic	
change	unlikely.	The	largest	survey	of	impacts	of	the	mass	bleaching	
event	occurred	in	the	Great	Barrier	Reef	in	2016	also	refutes	any	op-
timistic	expectations	that	corals	exposed	to	previous	thermal	stress	
may	show	increased	resistance	to	future	warming	impacts	(Hughes	
et	al.,	2017).

4.2 | Local stressors and the role of MAPs

In	the	current	context	of	rapid	environmental	change,	understanding	
the	effects	of	MPAs	on	population	dynamics	and	extinction	risk	in	
marine	sessile	invertebrates	is	an	essential	but	unresolved	question.	
Our	results	show	that	local	protection	did	not	significantly	alter	red	
coral	densities	or	overall	dynamics.	Recurrently	fished	populations	
outside	of	MPAs	displayed	 low	extinction	 risk	and	 their	 long-	term	
stochastic	growth	was	nearly	at	equilibrium	(Figure	2a).	This	coun-
terintuitive	 result	 could	 be	 explained	 by	 the	 clonal	 nature	 of	 the	
red	coral	and	its	capacity	to	survive	and	undergo	re-	growth	of	new	
branches	 after	 being	 partially	 harvested,	 which	 is	 common	 when	
fishers	leave	the	colony	bases	attached	to	the	substratum	(Montero-	
Serra	 et	al.,	 2015).	 It	 is	 important	 to	 note	 that	 highly	 destructive	
red	 coral	 fishing	 practices	 (i.e.	 removal	 of	 the	whole	 coral	 colony,	
including	 its	 base,	 which	 prevents	 recovery)	 are	 still	 observed	 in	
some	areas	of	the	Mediterranean	and	they	could	lead	to	much	worse	
ecological	effects	than	those	reported	here	 (Cattaneo-	Vietti	et	al.,	
2017).	A	slight	increase	in	total	mortality	rates	due	to	fishing	would	
result	 in	a	dramatic	 increase	on	the	population	extinction	risk	out-
side	MPAs	and	result	on	an	enhanced	role	of	local	protection.	Broad-	
scale	quantification	on	the	extent	of	these	unsustainable	practices	is	
essential	to	improve	current	management	strategies	for	the	conser-
vation	of	C. rubrum	and	other	precious	corals.

In	contrast	with	the	lack	of	effects	on	abundance,	the	absence	
of	coral	fishing	in	no-	take	areas	had	a	strong	positive	effect	on	the	
structural	 complexity	 of	 coral	 populations	 by	 reducing	 the	 proba-
bility	of	colony	breakage	and	allowing	coral	colonies	to	reach	larger	
sizes	 (Figure	2d).	 Outside	MPAs,	 structural	 simplification	 was	 ob-
served	with	 absence	 of	 large	 colonies,	 driven	 by	 both	 the	 natural	
slow	colony	growth	of	 the	 species	 and	 recurrent	 colony	breakage	
events	due	to	fishing.	Thus,	 local	management	can	shape	the	rela-
tive	importance	of	the	demographic	processes	underlying	red	coral	

dynamics,	enhancing	the	structural	complexity	and	functionality	of	
red	 coral	 populations	 (Figure	3	 and	Supporting	 Information	Figure	
S4).	 These	 results	 are	 consistent	 with	 previous	 observations	 that	
found	 that	populations	within	MPAs	have	 larger	biomass	 than	un-
protected	sites	(Bavestrello,	Bo,	Bertolino,	Betti,	&	Cattaneo-	Vietti,	
2015;	 Garrabou	 et	al.,	 2017;	 Linares	 et	al.,	 2010,	 2012).	 Here,	 we	
provide	a	mechanistic	understanding	on	how	differential	shrinkage	
but	similar	whole	colony	mortality	rates	shape	the	consistent	broad	
scale	 patterns	 observed	 in	 colony-	size	 structures	 and	 population	
persistence	of	the	red	coral	across	the	Mediterranean	Sea	(Garrabou	
et	al.,	2017;	Linares	et	al.,	2010,	Figures	2	and	3).

4.3 | Interactive effect of local management  
and global warming on the viability of red coral 
populations

It	 remains	 unclear	 how	 effective	 local	 management	 tools	 such	 as	
MPAs	 are	 in	 building	 resilience	 of	 benthic	 ecosystems	 to	 climate	
change.	 Local	 protection	 enhanced	 the	 size-	structure	 of	 red	 coral	
populations	and,	since	climate-	driven	whole	colony	mortality	is	size-	
dependent	 in	 the	 red	coral	 (with	 smaller	 colonies	being	more	 sus-
ceptible,	Figure	4b),	a	compensatory	effect	of	MPAs	against	climatic	
perturbations	 could	 be	 expected.	However,	 our	 results	 show	 that	
MPAs	provided	only	a	very	weak	compensatory	effect.	This	slows	
down	the	rate	of	population	declines	along	a	thermal	stress	gradi-
ent	but	does	 so	only	under	 low	 to	moderate	 frequencies	of	MME	
(Figures	5	and	6).	When	recurrent	MME	occurred	at	high	frequen-
cies,	MPAs	had	a	little	buffering	effect	on	the	long-	term	persistence	
of	coral	populations.	To	date,	only	few	studies	provide	data	over	rel-
evant	time-	periods	to	assess	the	potential	role	of	MPAs	at	buffering	
climatic	 impacts.	Micheli	et	al.	 (2012)	 showed	that,	 in	a	 temperate	
abalone	 species,	MPAs	 enhanced	 population	 resilience	 to	 climatic	
disturbances	 by	 increasing	 the	 presence	 of	 larger	 individuals	 that	
drove	a	major	reproductive	output	as	well	as	larvae	export	potential.	
Similarly,	in	tropical	coral	reefs,	Mellin	et	al.	(2016)	reported	a	strong	
effect	of	MPAs	at	enhancing	 resilience	of	benthic	 communities	 to	
external	perturbations,	although	the	mechanisms	underlying	these	
patterns	were	not	demonstrated.

In	 contrast,	 Graham	 et	al.	 (2008)	 found	 that	 reefs	 under	 local	
protection	had	been	more	 impacted	by	El	Niño	bleaching	event	 in	
1998.	More	 recently,	 an	 unprecedented	mass	 bleaching	 event	 oc-
curred	at	the	Great	Barrier	Reef,	with	more	than	90%	of	the	reefs	
affected	irrespective	of	their	level	of	local	protection	(Hughes	et	al.,	
2017).	Our	results	add	support	to	the	latter	findings	in	showing	that	
local	protection	could	be	effective	at	lower	levels	of	thermal	stress	
but	have	weak	to	non-	existent	compensatory	effects	under	poten-
tial	future	scenarios	of	increased	ocean	warming.

5  | CONCLUSIONS

Long-	term	studies	provide	a	unique	window	to	understand	and	pre-
dict	the	responses	of	marine	populations	and	communities	to	multiple	
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stressors.	This	study	demonstrates	that	MPAs	are	a	good	tool	to	en-
hance	 the	structural	dynamics	of	economically	and	ecologically	 im-
portant	species	such	as	the	red	coral.	However,	warming	represents	a	
new	threat	originated	at	a	global	scale	that	can	drive	either	subtle	or	
more	abrupt	declines	that	will	result	in	the	“extinction	debt”	of	these	
key	habitat-	forming	species	(Hughes	et	al.,	2013).	While	the	red	coral	
and	 other	 long-	lived	 habitat-	forming	 species	 have	 persisted	millen-
nia	of	human	pressures,	novel	climatic	threats	may	lead	to	unantici-
pated	and	massive	consequences	for	the	integrity	of	temperate	reefs.	
Unfortunately,	local	protection	may	not	be	enough	to	ensure	the	per-
sistence	of	shallow	populations	under	future	scenarios	of	higher	fre-
quency	and	intensity	of	warming	events.	A	rapid	and	drastic	reduction	
in	greenhouse	gas	emissions	seems	the	only	effective	way	to	prevent	
the	widespread	extinction	of	shallow	red	coral	populations	and	other	
long-	lived	marine	invertebrates.	In	the	context	of	a	variety	of	multi-	
scale	stressors,	any	conservation	action	aimed	to	preserve	the	func-
tional	 role	 and	 ensure	 the	 persistence	 of	 benthic	 communities	will	
need	to	consider	conservation	actions	at	both	local	and	global	scales.
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