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Abstract
Question: Nurse–	beneficiary	plant	interactions	are	often	used	to	restore	degraded	habi-
tats.	However,	whether	and	how	shifts	in	plant–	plant	interactions	along	the	facilitation–	
competition	continuum	alter	revegetation	success	has	been	seldom	considered.	To	test	
whether	 and	 how	 shifts	 in	 plant–	plant	 interactions	 (due	 to	 woody	 species	 identity,	
study	site,	early	life	stage,	and	individual	nurse)	might	alter	plant	recruitment	and	thus	
the	success	of	revegetation	projects,	we	chose	a	system	comprising	the	Mediterranean	
dwarf	palm	(Chamaerops humilis)	and	seven	common	woody	plant	species.
Location: Two	 human-	degraded	 sites	 within	 Doñana	 National	 Park	 (southwestern	
Spain).
Methods: We	carried	out	several	well-	replicated	field	experiments	to	compare	plant	
performance	(seed	survival,	seedling	emergence,	seedling	survival,	seedling	recruit-
ment)	in	the	presence	and	absence	of	Chamaerops humilis.
Results: Chamaerops humilis	had	marked	effects	on	the	performance	of	woody	spe-
cies	 that,	however,	changed	among	 life	 stages.	Depending	on	woody	species	 iden-
tity,	seed	survival	was	up	to	193	times	greater	in	adjacent	open	spaces	than	beneath	
Chamaerops humilis.	 Conversely,	 seedling	 survival	 and	 recruitment	 were	 up	 to	 19	
times greater beneath Chamaerops humilis	than	in	open	spaces.	Importantly,	none	of	
the studied woody species showed greater accumulated recruitment in open spaces 
than beneath Chamaerops humilis.	Interestingly,	we	found	strong	inter-	individual	palm	
variation	in	the	sign	and	strength	of	their	effect	on	woody	plant	performance.
Conclusions: We	 found	 strong	 seed–	seedling	 conflicts	 the	 strength	 of	 which	 was	
species-	specific.	 The	 strong	 inter-	individual	 palm	 variation	 depicts	 a	 facilitation–	
competition	 continuum	 with	 important	 implications	 for	 restoration.	 We	 propose	
several	management	recommendations	across	different	hierarchical	levels	(i.e.,	from	
individuals	 to	 communities)	 that	may	 increase	 plant	 recruitment	 and	 therefore	 the	
success	of	 revegetation	projects.	Our	 results	are	particularly	 relevant	 for	 restoring	
arid,	semi-	arid	and	alpine	 landscapes	worldwide	where	the	nurse–	beneficiary	plant	
interactions	are	critical	to	ameliorating	stressful	conditions.
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1  |  INTRODUC TION

Rather	than	being	fixed,	most	ecological	interactions	can	vary	in	sign	
and	strength	depending	on	the	balance	between	benefits	and	costs	
for	the	involved	partners	(Bronstein,	2001;	Fedriani	&	Delibes,	2011;	
Michalet	et	al.,	2011;	Schöb	et	al.,	2014).	 Identifying	these	trades-	
offs	 between	 benefits	 and	 costs	 is	 essential	 to	 comprehensively	
understand changing interactions along the mutualism– antagonism 
continuum	and	their	potential	ecological,	evolutionary,	and	applied	
implications	 (Bronstein,	 2015;	 Perea	 et	 al.,	 2013;	 Gómez	 et	 al.,	
2019).	Plant–	plant	interactions	(Brooker	et	al.,	2008;	Callaway,	2007;	
Pugnaire,	 2010)	 are	 crucial	 to	 increasing	 the	 revegetation	 success	
of	restoration	programs	(Gómez-	Aparicio	et	al.,	2004;	Rey-	Benayas	
et	al.,	2008;	Costa	et	al.,	2017;	Jankju,	2013;	Torroba-	Balmori	et	al.,	
2015;	Fedriani	et	al.,	2019;	Ibáñez	&	Rodríguez,	2020;	Castro	et	al.,	
2021;	Díaz-	Hernández	et	al.,	2021;	but	see	Noumi	et	al.,	2015).	These	
interactions	 are	 known	 to	 change	 from	 facilitation	 to	 competition	
(and	vice	versa)	depending	on	the	ecological	context	(Brooker	et	al.,	
2008;	Chaieb	et	al.,	2021;	Michalet	et	al.,	2014).	Therefore,	detect-
ing	whether	and	how	the	outcome	of	presumed	nurse–	beneficiary	
plant	interactions	shifts	along	a	facilitation–	competition	continuum	
may	be	crucial	for	successful	ecological	restoration.

Extreme	droughts	and	high	temperatures	are	strong	environmen-
tal	filters	for	plant	species	in	arid	and	semi-	arid	landscapes	(Pugnaire	
&	Valladares,	2007).	Early	plant	life	transitions	such	as	seed	survival,	
seedling	emergence,	and	seedling	survival	are	usually	the	most	crit-
ical	 stages	 for	 microhabitat-	dependent	 recruitment	 (Pérez-	Ramos	
et	al.,	2012;	Schupp,	2007).	Improved	microhabitat	suitability	(e.g.,	
microclimatic	conditions)	beneath	shrubs	with	 respect	 to	 their	ad-
jacent	open	spaces	may	be	 favorable	 for	 seedling	 survival	 and	 re-
cruitment	in	arid	and	semi-	arid	landscapes	such	as	those	occurring	in	
the	Mediterranean	Basin.	By	contrast,	shrubs	may	be	also	unfavor-
able	microsites	for	early	plant	life	stages	such	as	seed	survival	due	
to	 seed	 predation,	 yielding	 seed–	seedling	 conflicts	 (sensu	 Schupp,	
1995;	Drezner,	 2015).	 Further,	 plant–	plant	 interactions	may	 differ	
in	sign	and	strength	depending	on	the	interacting	species,	the	biotic	
and	abiotic	conditions	in	which	such	interactions	occur,	and	even	the	
characteristics	of	nurse	individuals	(Violle	et	al.,	2012;	Costa	et	al.,	
2017;	Miranda-	Jácome	&	Flores,	2018;	Díaz-	Hernández	et	al.,	2021;	
but	see	Holland	&	Molina-	Freaner,	2013).	For	instance,	Schöb	et	al.	
(2013)	 found	 that	 compact	 and	 large	 individuals	 of	 a	 nurse	 cush-
ion	 species	 in	 the	 Sierra	 Nevada	Mountains	 (southeastern	 Spain)	
showed	stronger	facilitative	effects,	in	terms	of	beneficiary	species	
richness,	compared	with	loose	and	small	individuals	(see	also	Alday	
et	 al.,	 2014).	 Accounting	 for	 context-	dependency	 and	 potential	
seed–	seedling	conflicts	 in	plant–	plant	 interactions	could	be	critical	
for	guiding	restoration	actions	(Jones	et	al.,	2019;	Larkin	et	al.,	2019).

Many	Mediterranean	nurse	plants	are	small-	sized,	compact,	and/
or	 thorny	 shrubs	 that	 provide	 shade,	 ameliorating	 the	 prevailing	
severe	 climatic	 conditions,	 among	other	 positive	 effects	 (Filazzola	
&	 Lortie,	 2014).	 These	 shrubs	 usually	 represent	 favorable	 micro-
habitats	for	seedling	emergence,	survival,	and	recruitment	of	many	
woody	plant	species,	although	they	may	be	also	preferred	sites	for	

multiple	seed	predators	such	as	granivore	rodents	(Rey	&	Alcántara,	
2000;	Alday	et	al.,	2014;	but	see	Ziffer-	Berger	et	al.,	2017).	In	this	
sense,	previous	studies	have	found	conflicts	or	shifts	from	facilita-
tion	to	inhibition	of	sequential	life	stages	in	single	nurse–	beneficiary	
species	 pairs	 (Castanho	 et	 al.,	 2015;	 Fujita	 &	 Yamashina,	 2018;	
Loayza	 et	 al.,	 2017).	 However,	 rigorous	 evaluations	 of	 such	 con-
flicts	 throughout	 several	 early	 life	 stages	 at	 the	 plant-	community	
level	are	scarce	 (Bruno	et	al.,	2017;	Paterno	et	al.,	2016;	Schiffers	
&	Tielbörger,	2006).	Even	less	common	are	studies	that	investigate	
how	the	nature	of	these	plant–	plant	interactions	changes	among	in-
teracting	individuals	(but	see	Anthelme	et	al.,	2017).

The	Mediterranean	dwarf	palm	(Chamaerops humilis)	plays	a	key	
role	in	the	recolonization	of	human-	driven	degraded	areas	by	facil-
itating	 the	 establishment	 of	 diverse	woody	plant	 species	 (Garrote	
et	al.,	2021).	Specifically,	we	recently	found	strong	positive	spatial	
associations	with	adult	plants	of	several	recolonizing	woody	species	
(Garrote	 et	 al.,	 2019a).	 Such	 spatial	 associations	possibly	 relate	 to	
the	shading	micro-	environment	and	numerous	needle-	sharp	thorns	
on	this	palm,	which	facilitate	plant	recruitment	(Saiz	&	Alados,	2012)	
through	strong	alleviation	of	abiotic	stress	compared	with	adjacent	
open	spaces,	and	protect	against	vertebrate	herbivores	(e.g.,	ungu-
lates	and	 rabbits)	by	acting	as	 a	mechanical	barrier.	However,	 this	
shrubby	palm	could	also	represent	a	selected	microhabitat	for	grani-
vore	 rodents,	 potentially	 limiting	 local	woody	 recruitment	 (Brown	
&	Kotler,	2004).	Here,	we	chose	a	 system	comprising	Chamaerops 
humilis	 and	 seven	 common	 woody	 species	 to	 test	 how	 shifts	 in	
plant–	plant	interactions	(due	to	species	identity,	study	site,	early	life	
stage,	and	individual	nurse)	may	alter	plant	recruitment	and	thus	the	
success	 of	 revegetation	 projects.	 To	 this	 end,	we	 conducted	 seed	
survival	 and	 sowing	 field	 experiments	 using	 seven	woody	 species	
in	the	presence	and	absence	of	Chamaerops humilis in two degraded 
sites	 in	 southwestern	Spain.	Specifically,	we	seek	 to	answer	 three	
questions:	(a)	does	the	effect	of	Chamaerops humilis on woody spe-
cies	 performance	 vary	 throughout	 the	 early	 life	 stages	 (i.e.,	 from	
seed	 survival	 to	 seedling	 recruitment);	 (b)	 does	 the	 cumulative	
probability	 of	 establishment	 (i.e.,	 the	 accumulated	 effect	 after	 all	
life	stages)	of	woody	species	vary	with	the	presence	of	Chamaerops 
humilis	and,	if	so,	is	such	variation	consistent	across	woody	species	
identity,	study	sites,	and/or	individual	nurse;	and	finally,	(c)	to	what	
extent	does	potential	inter-	individual	variation	in	the	interaction	be-
tween Chamaerops humilis	 and	woody	plants	depict	 a	 facilitation–	
competition continuum?

2  |  METHODS

2.1  |  Study area

The	study	was	conducted	at	Doñana	National	Park	(37°9′N,	6°26′W)	
in	 southwestern	 Spain	 between	 October	 2018	 and	 December	
2019.	The	 climate	 is	Mediterranean	 sub-	humid	 (537.7	±	 30.7	mm;	
mean ± 1 SE),	with	dry	(8.4	±	1.4	mm)	and	hot	summers	(38.5	±	0.3°C	
and	 10.7	 ±	 0.2°C;	 maximum	 and	 minimum,	 respectively).	 The	
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remaining	 seasons	 are	 cooler	 and	wetter	 than	 summer.	 The	mean	
maximum	 and	 minimum	 temperatures	 were	 20.5	 ±	 0.2°C	 and	
29.2 ±	0.4°C	(spring)	and	0.1	±	0.3°C	and	4.8	±	0.3°C	(winter).	Most	
rain	falls	during	winter	(74.0	±	7.3	mm)	and	autumn	(87.6	±	7.6	mm).	
The	accumulated	precipitation	during	our	study	period	(i.e.,	October	
2018	to	December	2019)	was	420.9	mm.	Therefore,	we	consider	this	
period	relatively	dry	 in	 terms	of	historical	averages	 (percentile	24;	
N =	40;	1979–	2019,	data	from	Natural	Processes	Monitoring	Group,	
Doñana	Biological	Station).

The	Doñana	area	is	an	anthropogenic	and	fragmented	landscape,	
where	 habitat	 patches	 of	Mediterranean	 scrubland,	 oak	 and	 pine	
forests	are	isolated	by	cropland,	towns,	marshes,	or	dunes.	To	eval-
uate	possible	between-	site	variation,	we	set	up	field	experiments	at	
two	degraded	sites	(Matasgordas	and	Reserva)	located	10	km	apart	
that	have	similar	climatic	conditions	owing	to	their	proximity.	Both	
sites	have	been	intensively	exploited	for	livestock	ranching	and	cul-
tivation	that	have	degraded	their	original	state	for	decades,	although	
there	were	some	differences	in	human	management	between	sites	
(Garrote	et	 al.,	 2019a).	 Specifically,	 in	Matasgordas,	 all	 shrubs	and	
most	 trees	were	mechanically	 removed	 in	1970	to	create	an	open	
area	of	pastureland	with	scattered	cork	oak	trees	and	sparse	patches	
of	 scrubland.	 The	 area	was	 used	 for	 intensive	 cattle	 grazing	 until	
1996,	when	the	land	was	expropriated,	the	cows	removed	and,	af-
terward,	 the	area	protected	by	 the	Spanish	National	Park	Service.	
Historically,	 in	Reserva,	 the	human	management	of	vegetation	has	
been	more	prolonged,	intensive	and	harsher.	Most	cork	oak	and	wild	
olive trees were cut down and controlled rotation was applied every 
25–	30	 years.	 In	 1964,	 the	 area	was	 declared	 a	 biological	 reserve,	
and	cultivation	and	livestock	ranching	ended.	Cattle	still	graze	in	this	
area,	although	the	grazing	is	not	as	intensive	as	it	was	few	decades	
ago.	Both	sites	differ	in	terms	of	the	nutrient	content	of	the	topsoil,	
with	 organic	 matter,	 phosphorus	 and	 nitrogen	 in	 Reserva	 double	
that	in	Matasgordas	(Appendix	S1,	Table	S1),	and	in	the	availability	
of	groundwater,	which	is	more	superficial	in	Reserva	(2.39	m)	than	in	
Matasgordas	(4.56	m)	(CHG,	2019).

Many	 animal-	dispersed	 native	 plants	 such	 as	 Chamaerops 
humilis,	 Asparagus	 spp.,	 Pyrus bourgaeana,	 Rubus ulmifolius and 
Phillyrea angustifolia	among	others	are	currently	recolonizing	these	
human-	degraded	areas	since	 their	protection	within	National	Park	
boundaries.	 Fruits	 of	 these	 fleshy	 fruited	 species	 include	 drupes	
(Daphne gnidium,	 Phillyrea angustifolia and Pistacia lentiscus),	 ber-
ries	 (Asparagus aphyllus)	or	pomes	 (Pyrus bourgaeana).	These	 fruits	
ripen	from	August	to	December	and	contain	seeds	that	vary	in	mass	
by	 several	 orders	 of	magnitude	 (Table	 1).	 These	 plant	 species	 are	
bird-	dispersed	except	Pyrus bourgaeana,	which	in	Doñana	is	mainly	
dispersed	 by	 mammals	 (Table	 1).	 Seed	 dispersal	 of	 these	 woody	
plants	into	human-	perturbed	habitats	is	increased	by	the	‘perching	
effect’	 (sensu	 Debussche	 et	 al.,	 1982)	 exerted	 by	Chamaerops hu-
milis	 (González	et	al.,	unpublished).	Dispersed	seeds	in	Doñana	are	
often	consumed	by	rodent	species	such	as	Apodemus sylvaticus,	Mus 
spretus,	and	Rattus	spp.	(Fedriani	et	al.,	2020;	Suárez-	Esteban	et	al.,	
2018).	Seedlings	usually	emerge	during	the	 late	winter	and	spring,	
and	most	die	during	summer	owing	to	extreme	drought	and	severe	
temperatures.

2.2  |  Seed survival experiment

To	assess	the	effect	of	Chamaerops humilis	(compared	with	adjacent	
open	 spaces)	 on	 seed	 survival	 in	 our	 target	 woody	 plant	 species	
(Table	1),	we	offered	seeds	beneath	Chamaerops humilis and in ad-
jacent	open	spaces	at	both	study	sites	 in	October	2018	and	2019.	
To	 capture	 spatial	 variation	 in	 abiotic	 conditions,	we	delimited	15	
blocks	(adjacent	blocks	were	~20	m	apart)	 in	each	study	site.	Each	
block	included	one	Chamaerops humilis individual and one adjacent 
open	space	(~5	m	apart).	We	selected	these	microhabitats	because	
together	they	include	63.1%	(N =	2426)	of	seedlings,	saplings,	and	
adults	 of	 all	 the	 woody	 species	 in	 the	 study	 sites	 (Garrote	 et	 al.,	
2019a).	For	each	block,	we	placed	six	Petri	dishes	(one	per	studied	
woody	species)	with	10	fresh	seeds	(i.e.,	collected	that	year)	per	dish	

TA B L E  1 Woody	plant	species	used	during	field	experiments

Woody plant species Family Fruit
Seed dry mass 
(g)

Seed 
disperser

Positive spatial association with 
Chamaerops humilisd

Asparagus aphyllus Asparagaceae Black	berry 0.019a Birds Yes	(Matasgordas)	/
Yes	(Reserva)

Daphne gnidium Thymelaeaceae Orange drupe 0.008a Birds Yes/No

Olea europaea var. 
sylvestris

Oleaceae Black	drupe 0.221b Birds Yes/No

Phillyrea angustifolia Oleaceae Blue	drupe 0.029a Birds No/No

Pistacia lentiscus Anacardiaceae Black	drupe 0.025a Birds Yes/No

Pyrus bourgaeana Rosaceae Green	pome 0.087c Mammals Yes/No

Rubus ulmifolius Rosaceae Black	polydrupe 0.002a Birds No/No

aData	from	Jordano	(1995).
bData	from	Perea	et	al.	(2013).
cData	from	Garrote	et	al.	(2019b).
dData	from	Garrote	et	al.	(2019a).	These	spatial	associations	were	detected	using	Spatial	Point	Pattern	Analysis	techniques.

 1654109x, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/avsc.12644 by A

ntonio C
astilla - O

klahom
a State U

niversity , W
iley O

nline Library on [16/08/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



4 of 14  |    
Applied Vegetation Science

GARROTE ET Al.

in	each	microhabitat	 (i.e.,	beneath	Chamaerops humilis and in open 
space;	Appendix	S1,	Figure	S1).	Because	of	the	limited	abundance	of	
Phillyrea angustifolia	at	Matasgordas	and	Pistacia lentiscus	at	Reserva,	
we	 offered	 seeds	 from	 Phillyrea angustifolia and Pistacia lentiscus 
only	at	Reserva	and	Matasgordas,	respectively.	In	total,	we	offered	
7,200	seeds	 (Appendix	S1).	Each	year,	we	recorded	the	number	of	
remaining	seeds	early	in	the	morning	during	four	consecutive	(non-	
rainy)	 days	 (see	Appendix	 S1	 for	 additional	 details).	 Based	 on	 ob-
servations	of	hulls	from	predated	seeds,	rodent	droppings,	and	the	
absence	of	elaiosomes	in	the	offered	seeds,	we	assumed	that	seed	
removal	 was	 equivalent	 to	 seed	 predation	 (Suárez-	Esteban	 et	 al.,	
2018;	but	see	Vander	Wall	et	al.,	2005).

2.3  |  Seedling emergence and survival experiment

To	 assess	 the	 effect	 of	 Chamaerops humilis	 (compared	 with	 adja-
cent	 open	 spaces)	 on	 seedling	 emergence	 and	 survival	 of	 our	 tar-
get	woody	 species,	we	 conducted	 a	 sowing	 experiment	 using	 the	
same	15	experimental	blocks.	In	November	2018,	seeds	were	shal-
lowly	 (~5	mm	depth)	covered	using	 in	situ	sandy	substrate.	Before	
the	start	of	the	experiment,	we	carefully	checked	the	sand	substrate	
on	a	flat	surface	and	removed	by	hand	any	non-	experimental	seeds	
(or	 fruits)	present	 in	 the	sowing	 locations.	 It	was	not	necessary	 to	
sieve	the	sand	substrate	because	seeds	from	our	target	woody	spe-
cies	were	visually	detectable	given	their	size	(from	Rubus ulmifolius 
with ~4– 5 mm to Olea europaea var. sylvestris with ~1	cm).	To	prevent	
predation	by	vertebrates,	we	covered	all	sowing	locations	(beneath	
Chamaerops humilis	and	in	open	spaces)	with	a	1-	cm	wire	mesh	cage	
(28	cm	×	18	cm	×	13	cm).	We	monitored	the	emergence	and	survival	
of	 seedlings	 in	 both	microhabitats	 once	 a	month	 from	November	
2018	to	December	2019.	In	total,	we	sowed	3,600	seeds	(Appendix	
S1).	We	also	 recorded	maximum	and	minimum	daily	 temperatures	
from	 January	 to	 December	 2019	 by	 setting	 (~1	 cm	 depth)	 four	
Hobo	Pendant	UA-	002-	08	data	 loggers	 (two	beneath	Chamaerops 
humilis	 and	 two	 in	adjacent	open	spaces)	 to	verify	a	milder	micro-	
environment	beneath	dwarf	palms	(Figure	1).	Further,	we	measured	
the temperature beneath every Chamaerops humilis	 individual	 (n = 
30)	and	in	the	adjacent	open	spaces	(n =	30)	with	a	62459	LACOR	
thermometer	during	the	monthly	checks	from	April	to	October	2019	
(Appendix	S1,	Figure	S2).	We	recorded	the	temperature	of	the	upper	
sandy	 substrate	 (2–	3	 cm	depth)	 for	 both	microhabitats	 (Appendix	
S1,	Figure	S3).

2.4  |  Transition probabilities and relative 
interaction index

We	calculated	four	transition	probabilities	(TPs)	and	the	cumulative	
probability	of	establishment	(CPE)	for	the	woody	species	in	both	mi-
crohabitats	and	 in	the	two	study	sites.	TPs	were	calculated	as	the	
proportion	 of	 individuals	 completing	 a	 life	 stage	 with	 respect	 to	
the	number	of	individuals	entering	that	same	stage	(Fedriani	et	al.,	

2012).	Specifically,	we	calculated	the	following	TPs	from	a	dispersed	
seed:	 (a)	seed	survival	 (surviving	seeds/offered	seeds),	 (b)	seedling	
emergence	 (emerged	seedlings/sown	seeds),	 (c)	early	 seedling	sur-
vival	 (surviving	 seedlings	 before	 the	 summer/emerged	 seedlings),	
and	(d)	late	seedling	survival	(surviving	seedlings	by	the	end	of	the	
study/surviving	seedlings	before	the	summer).	We	then	calculated	
CPE	as	the	product	of	all	stage-	specific	TPs.	We	also	calculated	ac-
cumulated	seedling	recruitment	after	1	year	as	surviving	seedlings	
by	the	end	of	the	study	relative	to	seeds	sown.

To	 evaluate	 the	 consistency	 of	 the	 Chamaerops humilis	 effect	
among	 woody	 plant	 species	 identity,	 study	 sites,	 life	 stages,	 and	
blocks	(i.e.,	dwarf	palm–	open	space	pairing),	we	estimated	the	effect	
on	such	species	using	adjacent	open	spaces	as	‘controls’	and	calcu-
lating	the	relative	interaction	index	(RII)	for	each	palm–	woody	plant	
pair	(Armas	et	al.,	2004):

where Bw and B0	 denote	 the	 number	 of	 individuals	 (seeds	 or	 seed-
lings)	for	each	woody	species	beneath	Chamaerops humilis and in ad-
jacent	open	spaces	(i.e.,	‘controls’),	respectively	(Paterno	et	al.,	2016).	
RII	 ranges	 between	 −1	 (maximum	 competition)	 and	 1	 (maximum	
facilitation).

2.5  |  Statistical analyses

We	 evaluated	 the	 effect	 of	 Chamaerops humilis	 (regarding	 adja-
cent	open	spaces)	on	seed	survival	 and	seedling	performance	 (i.e.,	
emergence,	 early	 and	 late	 survival,	 and	 recruitment).	We	modeled	
the	 following	 response	variables:	 seed	survival	 (surviving	seeds	by	
the	end	of	the	field	experiment/offered	seeds),	seedling	emergence	
(emerged	 seedlings/sown	 seeds),	 early	 seedling	 survival	 (surviv-
ing	 seedlings	before	 the	 summer/emerged	 seedlings),	 late	 seedling	
survival	(surviving	seedlings	by	the	end	of	the	study/surviving	seed-
lings	 before	 the	 summer),	 and	 accumulated	 seedling	 recruitment	
(surviving	seedlings	at	the	end	of	the	study/sown	seeds).	We	fitted	
Generalized	Linear	Mixed	models	 (GLMM;	Zuur	et	al.,	2009)	using	
the R lme4	package	 (version	1.1-	7;	R	Core	Team,	R	Foundation	 for	
Statistical	Computing,	Vienna,	AT)	with	a	binomial	error	distribution	
and	logit	link	function.	We	included	woody	species	identity,	micro-
habitat,	study	site,	and	their	second-		and	third-	order	interactions	as	
fixed	factors	for	all	models.	Year,	and	block	nested	within	study	site	
were	included	as	random	factors.	We	tested	whether	the	variables	
were	significant	based	on	the	 likelihood	ratio	test	with	χ2 distribu-
tion.	The	number	of	surviving	seedlings	was	zero	for	some	species;	
in	these	cases,	we	examined	differences	in	seedling	performance	be-
tween	microhabitats	using	chi-	squared	tests.	Finally,	we	calculated	
estimated	marginal	means	and	standard	errors.	To	compare	differ-
ent	 levels	 of	 any	 significant	 factor,	we	 calculated	Tukey’s-	adjusted	
p-	values	 for	 all	 pairwise	 comparisons	 with	 the	 R	 emmeans	 pack-
age	 (Lenth	&	Lenth;	 version	1.7.2;	R	Core	Team,	R	Foundation	 for	

RII =
Bw − B0

Bw + B0
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Statistical	Computing,	Vienna,	AT).	In	addition,	to	estimate	the	rela-
tive	importance	of	woody	species	identity,	microhabitat,	study	site,	
and	experimental	blocks	on	seed	and	seedling	performance,	we	es-
timated	the	variance	partitioning	among	woody	species,	among	mi-
crohabitats,	among	study	sites,	and	among	blocks	using	the	standard	
analyses	of	 variance	 components	described	by	Quinn	 and	Keough	
(2002).	To	do	this,	and	by	contrast	with	GLMM	analyses,	we	consid-
ered	all	these	variables	to	be	random	effects,	as	required	for	variance	
partitioning.	Finally,	to	assess	whether	the	potential	variation	among	
blocks	in	seed	and	seedling	performance	was	mostly	related	to	the	
variation among Chamaerops humilis individuals or to the variation 
among	adjacent	open	spaces,	we	calculated	the	variance	for	each	life	
stage	(i.e.,	seed	survival,	seedling	emergence,	early	and	late	seedling	
survival,	and	accumulated	seedling	recruitment)	 in	both	microhabi-
tats.	All	 statistical	 analyses	were	conducted	using	R	version	4.0.5.	
(R	Core	Team,	R	Foundation	for	Statistical	Computing,	Vienna,	AT).

3  |  RESULTS

3.1  |  Transition probabilities and cumulative 
probability of establishment

Seed	 and	 seedling	 survival	 were	 the	 stages	 most	 critical	 for	 the	
CPE	 for	all	woody	species,	 at	 least	by	 the	end	of	 the	 first	year	of	
seedling	 life.	On	the	one	hand,	TP	to	seed	survival	 in	open	spaces	
was	up	to	10.2	times	(Phillyrea angustifolia	in	Reserva)	greater	than	
beneath Chamaerops humilis	 (Figure	 2).	 On	 the	 other	 hand,	 early	
seedling survival beneath Chamaerops humilis	showed	TPs	up	to	6.1-	
fold	(Asparagus aphyllus	 in	Matasgordas)	greater	than	that	found	in	
open	spaces.	This	trend	was	true	for	all	woody	species	except	Pyrus 
bourgaeana,	 which	 showed	 slightly	 greater	 probability	 of	 seedling	
survival	in	open	spaces	from	Reserva	(Figure	2).	Finally,	CPE	by	the	

end	 of	 the	 experiment	was,	 on	 average,	 2.5-	fold	 greater	 beneath	
Chamaerops humilis	than	in	open	spaces	(Figure	2).	For	instance,	the	
CPE	of	Asparagus aphyllus	in	Matasgordas	was	5.9	times	greater	be-
neath Chamaerops humilis.	There	was	also	non-	negligible	inter-	block	
variation;	for	instance,	some	Chamaerops humilis individuals did not 
recruit any Asparagus aphyllus	 seedlings,	whereas	others	 recruited	
up	to	10	seedlings	(100%	of	sown	seeds).

3.2  |  Seed survival

Some	4,125	of	the	7,200	offered	seeds	(57.2%)	survived	to	the	end	
of	the	field	experiment.	Proportion	of	seed	survival	strongly	varied	
among	microhabitat	(p <	0.001),	woody	species	identity	(p <	0.001),	
and	study	site	(p <	0.05;	Table	2).	 Interestingly,	second-		and	third-	
order	 interactions	 had	 strong	 significant	 effects	 on	 seed	 survival	
(Table	2).	 Specifically,	microhabitat	 interacted	with	woody	 species	
identity	(p <	0.001),	the	proportion	of	surviving	seeds	being	between	
2.1	(Daphne gnidium)	and	5.63	times	(Asparagus aphyllus)	greater	in	
open spaces than beneath Chamaerops humilis	(Appendix	S2,	Figure	
S1a).	We	also	found	significant	differences	in	seed	survival	between	
study	sites	depending	on	woody	species	 identity	 (p <	0.001),	with	
Asparagus aphyllus and Pyrus bourgaeana	 showing	 the	greatest	dif-
ferences	 (Appendix	 S2,	 Figure	 S1b).	 Differences	 in	 seed	 survival	
between both microhabitats varied strongly between study sites 
(p <	 0.001),	 the	 proportion	 of	 surviving	 seeds	 in	 open	 spaces	 for	
Chamaerops humilis	being	almost	five	times	greater	in	Reserva	than	
in	Matasgordas	 (Appendix	S2,	Figure	S1c).	Taken	together,	among-	
block	and	among-	microhabitat	variance	explained	most	of	the	total	
variance	in	seed	survival	(35.1%	and	36.3%,	respectively;	Figure	3).	
The	strong	variation	in	seed	survival	among	blocks	was	due	to	vari-
ance	among	both	open	spaces	(σ =	14.9)	and	dwarf	palms	(σ =	12.7).

3.3  |  Seedling emergence

We	counted	1,031	emerged	 seedlings	 from	 the	3,600	 sown	 seeds	
(28.6%).	Woody	species	had	a	strong	significant	effect	on	seedling	
emergence	(p <	0.0001;	Table	2).	Microhabitat	as	a	main	factor	did	
not	have	any	effect	on	seedling	emergence	(p =	0.23),	but	significantly	
interacted	with	woody	species	identity	(p <	0.001;	Table	2).	This	in-
teraction	indicates	that	although	for	most	species	there	were	no	dif-
ferences	 in	 emergence	 between	microhabitats,	 emergence	 of	Olea 
europaea var. sylvestris	 was	 3.7	 times	 greater	 beneath	Chamaerops 
humilis	than	in	open	spaces,	and	emergence	of	Daphne gnidium was 
1.2 times greater in open spaces than beneath Chamaerops humilis 
(Appendix	S2,	Figure	S2a).	Microhabitat	 also	 interacted	with	 study	
site	 (p <	 0.05),	 seedling	 emergence	 in	Matasgordas	 being	 1.2-	fold	
greater beneath Chamaerops humilis	than	in	open	spaces,	whereas	in	
Reserva	there	were	no	differences	between	microhabitats	(Appendix	
S2,	Figure	S2b).	Woody	species	 identity	 (p <	0.001)	and	study	site	
(p <	 0.05)	 had	 significant	 effects	 on	 seedling	 emergence,	 both	
separately	and	when	 interacting	 (p <	0.001;	Table	2).	For	example,	

F I G U R E  1 Daily	range	in	temperatures	of	topsoil	in	Doñana	
National	Park	from	February	to	December	2019	beneath	
Chamaerops humilis	(green)	and	in	adjacent	open	spaces	(yellow)	
recorded	with	four	Hobo	Pendant	UA-	002-	08	data	loggers
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seedling	 emergence	 of	Asparagus aphyllus and Pyrus bourgaeana in 
Matasgordas	was	double	that	found	in	Reserva	(Appendix	S2,	Figure	
S2c).	Although	70%	of	the	total	variance	was	explained	by	variations	
among	woody	species,	17.6%	and	12.15%	was	due	to	among-	study	
site	 and	among-	block	variation,	 respectively	 (Figure	3).	Variance	 in	
seedling emergence among Chamaerops humilis	 individuals	 (σ =	7.7)	
was	similar	to	that	among	adjacent	open	spaces	(σ =	6.8).

3.4  |  Early seedling survival

Only	 413	 of	 1,031	 emerged	 seedlings	 (40.1%)	 survived	 before	 the	
summer	(until	May	2019).	The	proportion	of	surviving	seedlings	be-
fore	the	summer	varied	significantly	among	microhabitats	(p <	0.001),	
woody	 species	 identity	 (p <	 0.001),	 and	 study	 sites	 (p < 0.001; 
Table	2).	Second-	order	interactions	between	these	factors	had	strong	

F I G U R E  2 Diagram	of	the	propagule	fate	of	woody	species	showing	the	proportion	of	seeds	and	seedlings	moving	from	one	life	
stage	to	the	next	(i.e.,	transition	probabilities;	values	next	to	the	arrows)	and	the	proportion	of	the	initial	propagules	still	alive	at	each	life	
stage	(values	inside	the	boxes).	Overall	cumulative	probability	(CP)	of	establishment	for	each	treatment	combination	(i.e.,	study	site	and	
microhabitat)	is	also	shown.	Dashed	arrows	and	boxes	indicate	zero	propagules
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significant	effects	on	seedling	survival	(Table	2).	The	interaction	be-
tween	microhabitat	and	woody	species	 identity	 influenced	seedling	
survival	 in	 different	ways	 (p <	 0.001).	 For	 instance,	 for	Olea euro-
paea var. sylvestris	the	proportion	of	surviving	seedlings	was	9.6-	fold	
greater beneath Chamaerops humilis	than	in	open	spaces,	whereas	for	
Pyrus bourgaeana	 there	were	no	differences	between	microhabitats	
(Appendix	 S2,	 Figure	 S3a).	 Similarly,	 seedling	 survival	 of	 our	 target	
woody	species	significantly	varied	between	study	sites	 (p <	0.001),	
and	was	always	greater	in	Reserva	(between	2.3	and	3.9	times)	than	
in	Matasgordas	(Appendix	S2,	Figure	S3b).	The	significant	interaction	
between	study	site	and	microhabitat	 (p <	0.001;	Table	2)	 indicated	
that	 in	Matasgordas	 the	 proportion	 of	 surviving	 seedlings	 beneath	
Chamaerops humilis	was	10	times	greater	than	in	open	spaces,	whereas	
in	Reserva	this	difference	was	only	1.8	times	greater	(Appendix	S2,	
Figure	 S3c).	 Among-	microhabitat	 variation	 accounted	 for	 56.5%	 of	
the total variance in early seedling survival; the remaining 43.5% was 
explained	in	similar	proportions	by	the	variation	among	blocks,	study	
sites,	and	woody	species	(Figure	3).	The	variance	in	seedling	recruit-
ment	before	the	summer	was	2.3	times	greater	among	Chamaerops 
humilis	individuals	(σ =	4.5)	than	among	adjacent	open	spaces	(σ =	1.9).

3.5  |  Late seedling survival

Only	164	of	 the	413	seedlings	surviving	before	the	summer	 (40.0%)	
survived	 to	 the	end	of	 the	experiment.	Microhabitat	 significantly	af-
fected	late	seedling	survival	(p <	0.01;	Table	2),	the	overall	proportion	
of	surviving	seedlings	being	799.4	times	greater	beneath	Chamaerops 
humilis	 than	 in	 open	 spaces.	Woody	 species	 identity	 also	 had	 a	 sig-
nificant	 effect	 on	 late	 seedling	 survival	 (p <	 0.001).	 The	 interaction	
between	 microhabitats	 and	 woody	 species	 identity	 was	 significant	
(p <	0.01),	indicating	that	for	some	species	(Asparagus aphyllus,	Daphne 
gnidium and Pistacia lentiscus)	late	survival	was	up	to	3.8	times	greater	
beneath Chamaerops humilis,	 whereas	 for	 others	 (Olea europaea var. 
sylvestris and Pyrus bourgaeana)	 there	were	 no	 differences	 between	
microhabitats	 (Appendix	S2,	Figure	S4a).	Among-	woody	species	and	
among-	block	variation	accounts	for	up	to	48.1%	and	37.0%	of	the	total	
variance,	 respectively	 (Figure	3).	We	 found	 that	variance	 in	 seedling	
survival	by	 the	end	of	 the	experiment	was	6.6	 times	greater	among	
Chamaerops humilis	 individuals	 (σ =	 2.6)	 than	 among	 adjacent	 open	
spaces	(σ =	0.4).

3.6  |  Accumulated seedling recruitment

Finally,	 of	 the	 4,200	 sown	 seeds,	we	 counted	164	 surviving	 seed-
lings	(3.9%)	by	the	end	of	the	experiment	(i.e.,	recruits	after	1	year).	
Microhabitat	 (p <	 0.001),	woody	 species	 identity	 (p <	 0.001),	 and	
their	second-	order	interaction	(p <	0.001)	had	significant	effects	on	
the	proportion	of	recruited	seedlings	(Table	2).	No	species	recruited	
more individuals in open spaces than beneath Chamaerops humilis,	at	
least	by	the	end	of	the	first	year	of	seedling	life.	Asparagus aphyllus,	
Daphne gnidium,	 and	Pistacia lentiscus showed seedling recruitment TA
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up to 10.6 times greater beneath Chamaerops humilis than in open 
spaces	(Appendix	S2,	Figure	S4b).	Other	species	such	as	Olea euro-
paea var. sylvestris and Pyrus bourgaeana	showed	no	recruitment	dif-
ferences	between	the	two	microhabitats	(Appendix	S2,	Figure	S4b).	
Some	 77.1%	 of	 the	 total	 variance	 in	 accumulated	 seedling	 recruit-
ment	was	 explained	by	 among-	woody	 species	 (45.7%)	 and	 among-	
microhabitat	(31.4%)	variation	(Figure	3);	19.6%	of	the	total	variance	
was	 explained	 by	 variation	 among	 blocks	 (Figure	 3).	 Interestingly,	
variance	in	accumulated	seedling	recruitment	was	6.7	times	greater	
among Chamaerops humilis	individuals	(σ =	2.9)	than	among	adjacent	
open	spaces	(σ =	0.4).

3.7  |  Relative interaction index

RII	varied	by	 life	stage	and	woody	species	 identity,	 ranging	 from	
strongly	 negative	 (seed	 survival)	 to	 strongly	 positive	 (late	 seed-
ling	 survival)	 (Figure	 4).	Overall,	 the	 accumulated	RII	was	 gener-
ally	 neutral	 to	 positive	 after	 one	 monitoring	 year	 in	 both	 sites	
(Figure	 4).	 Some	 exceptions	with	 negative	 accumulated	RII	were	
Asparagus aphyllus in Reserva and Pyrus bourgaeana in both sites. 
Interestingly,	we	also	found	wide	ranges	 in	RII	depicted	by	 inter-	
block	 variation	 across	 all	 life	 stages	 (Figure	 4).	 For	 instance,	 RII	
varied	between	−1	and	0.56	for	Daphne gnidium seed survival and 
between	−1	and	1	for	Pistacia lentiscus seedling emergence among 
blocks.	 Therefore,	 depending	 on	 the	 Chamaerops humilis– open 

space	 pairings,	 interactions	with	woody	 plants	 shifted	 along	 the	
facilitation–	competition	continuum	as	 life	stages	progressed.	For	
example,	 interactions	 for	seed	survival	 tended	to	be	competitive	
(i.e.,	 RII	 negative),	whereas	 for	 seedling	 emergence	 and	 survival,	
interactions	 were	 generally	 positive	 (i.e.,	 RII	 positive)	 (Figure	 4).	
Finally,	 we	 found	 neutral	 interactions	 during	 the	 late	 life	 stages	
(late	seedling	survival	and	accumulated	recruitment),	which	were	
probably	due	to	the	progressive	decrease	in	the	numbers	of	surviv-
ing seedlings.

4  |  DISCUSSION

Using	field	experiments,	we	showed	that	the	sign	and	strength	of	
the Chamaerops humilis	 effect	on	 seven	woody	plants	was	 rather	
species-	specific	and	varied	strongly	across	woody	plant	life	stages,	
as	well	 as	 between	 study	 sites.	 The	 fact	 that	woody	 species	 ex-
plained	 half	 or	 more	 of	 the	 variance	 in	 seedling	 emergence,	 late	
seedling	 survival,	 and	 accumulated	 recruitment	 strongly	 suggests	
a	unique	relationship	for	each	species.	Moreover,	substantial	vari-
ation	 in	 the	 sign	 of	 the	 studied	 plant–	plant	 interactions	 among	
Chamaerops humilis	 individuals	 depicts	 a	 shift	 from	 competition	
to	facilitation	along	the	continuum	as	life	stages	progress	(Gómez	
et	al.,	2019;	Jácome-	Flores	et	al.,	2020;	Perea	et	al.,	2013).	These	
shifts	along	the	continuum	should	be	accounted	for	in	revegetation	
projects.

F I G U R E  3 Proportion	of	variance	in	seed	survival,	seedling	emergence,	(early	and	late)	seedling	survival	as	well	as	accumulated	
recruitment	explained	by	variation	among	experimental	blocks	(i.e.,	Chamaerops humilis–	open	space	pairings),	microhabitats,	study	sites	and	
woody species identity
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4.1  |  Seed– seedling conflicts

Microhabitat	 suitability	 is	 crucial	 for	 plant	 recruitment	 in	 arid	 and	
semi-	arid	 landscapes,	 but	 is	 strongly	 context-	dependent	 (Pérez-	
Ramos	 et	 al.,	 2012).	 We	 found	 seed–	seedling	 conflicts	 (Drezner,	
2015;	 Schupp,	 1995)	 beneath	 Chamaerops humilis	 for	 seven	
Mediterranean	woody	plant	species.	The	higher	seed	survival	seen	
in adjacent open spaces compared with beneath Chamaerops humilis 
was	primarily	due	to	rodents,	which	usually	predate	seeds	beneath	
shrubs	(Fedriani	et	al.,	2020;	Suárez-	Esteban	et	al.,	2018).	The	thorny	
and shading microhabitat beneath Chamaerops humilis represents a 

safe	 site	 for	 rodents	by	 sheltering	 them	 from	predators	 (Brown	&	
Kotler,	2004;	but	see	Ziffer-	Berger	et	al.,	2017).

Conversely,	 the	 effect	 of	 Chamaerops humilis on seedling sur-
vival	depended	on	the	life	stage	and	identity	of	the	woody	species.	
The	 strength	 of	 the	 facilitative	 effect	 of	 Chamaerops humilis on 
seedling	 survival	was	 greater	 before	 the	 summer	 (until	May)	 than	
by	the	end	of	the	experiment	(until	December).	This	facilitative	ef-
fect	was	probably	related	to	the	strong	alleviation	of	thermic	stress	
(Caldeira	et	al.,	2014)	and	consequently,	direct	or	indirect	prevention	
of	increased	evaporative	demand	and	reduced	soil	moisture	through	
higher	temperatures.	For	instance,	Rey	et	al.	(2004)	found	that	the	

F I G U R E  4 Relative	interaction	index	between	Chamaerops humilis	and	target	woody	plant	species	in	Matasgordas	(a)	and	Reserva	(b)	
throughout	the	studied	early	life	stages.	Density	function	represents	the	facilitation–	competition	continuum	from	−1	(maximum	competition	
in	red)	to	1	(maximum	facilitation	in	blue).	Chamaerops humilis–	adjacent	open	spaces	pairings	(points)	interacting	with	woody	species	are	
placed	along	the	continuum	depending	on	the	effect	sign.	Points	location	yield	peaks	in	the	density	functions.	Asterisks	mark	life	stages	with	
no	surviving	seedlings	and	therefore	without	density	functions
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major	 cause	 of	mortality	 in	Olea europaea var. sylvestris seedlings 
was	water	stress.	Interestingly,	we	expect	a	greater	positive	effect	
of	Chamaerops humilis on seedling survival during the summer be-
cause	it	can	strongly	alleviate	severe	temperatures.	However,	our	re-
sults	suggest	that	summer	remains	a	significant	bottleneck	for	plant	
recruitment	 in	Mediterranean	 areas	 even	 after	 accounting	 for	 the	
facilitative	effects	of	nurse	species.	 In	fact,	despite	the	 limitations	
of	1-	year	studies	of	plant	recruitment,	especially	in	dryland	regions,	
our study period was relatively dry with respect to historical local 
precipitation.	Alternatively,	 and	 especially	 in	 the	Reserva	 site,	 the	
amelioration	 of	 environmental	 conditions	 by	 Chamaerops humilis 
might	not	 be	 enough	 to	 satisfy	 the	water	 requirements	of	woody	
seedlings	during	stressful	periods	 (e.g.,	 two	consecutive	high	sum-
mer	droughts;	Torroba-	Balmori	et	al.,	2015).	From	our	findings,	we	
encourage	restoration	practitioners	to	conduct	sowing	field	experi-
ments	to	evaluate	whether	the	outcome	of	these	plant–	plant	inter-
actions	is	consistently	positive	throughout	early	life	stages.	Finally,	
we	did	not	investigate	the	facilitative	role	of	Chamaerops humilis in 
protecting	seedlings	from	vertebrate	herbivores	(e.g.,	ungulates	and	
rabbits).	Nonetheless,	it	is	well-	known	that	shrubs	act	as	a	mechani-
cal	barrier	against	ungulates,	which	decreases	browsing	and	rooting	
damage	in	seedlings	(Alday	et	al.,	2016;	Perea	&	Gil,	2014;	Torroba-	
Balmori	et	al.,	2015).

4.2  |  Changing plant– plant interactions

Plant–	plant	 interactions	may	 shift	 from	 facilitation	 to	 competition	
(and	 vice	 versa)	 depending	 on	 the	 ecological	 context	 (see	 recent	
reviews	 Lortie	 et	 al.,	 2021;	 Soliveres	 et	 al.,	 2015	 and	 references	
therein).	 Here,	 we	 found	 variation	 in	 Chamaerops humilis– woody 
species	interactions	at	three	levels:	plant	community,	study	site,	and	
inter-	block.	Overall,	Asparagus aphyllus,	Daphne gnidium and Pistacia 
lentiscus	recruited	significantly	more	seedlings	beneath	Chamaerops 
humilis,	 whereas	 for	 the	 remaining	 species,	 seedling	 recruitment	
after	1	year	was	low	or	nonexistent.	Nonetheless,	we	frequently	ob-
served	juvenile	and	adult	individuals	(i.e.,	different	plant	cohorts	ac-
cumulated	throughout	time)	of	these	three	woody	species	within	or	
spatially associated with Chamaerops humilis	(Garrote	et	al.,	2019a).	
Our	experimental	results	demonstrate,	for	the	first	time,	that	such	
spatial	 associations	 are	 due,	 at	 least	 in	 part,	 to	Chamaerops humi-
lis’s	facilitation	of	such	later-	successional	plant	species.	In	addition,	
we	observed	that	several	frugivorous	bird	species	tend	to	defecate	
seeds	of	these	woody	species	while	perching	on	Chamaerops humi-
lis	(González	et	al.,	unpublished),	which	may	trigger	nucleation	(Holl	
et	al.,	2020;	Pausas	et	al.,	2006).	To	thoroughly	assess	how	plant–	
plant	 interactions	vary	at	the	plant	community	 level,	evaluation	of	
several	species	(both	nurses	and	beneficiaries)	is	mandatory	(Castro	
et	al.,	2004).	In	this	sense,	we	evaluated	the	effect	of	one	nurse	spe-
cies	(i.e.,	Chamaerops humilis)	and	additional	field	experiments	using	
other	potential	nurse	shrub	species	present	in	the	study	areas	(e.g.,	
Halimium halimifolium and Stauracanthus genistoides)	 will	 probably	
confirm	the	changing	nature	of	these	plant–	plant	interactions.

Accounting	 for	 context-	dependency	 among	 sites	 of	 nurse–	
beneficiary	plant	interactions	is	also	crucial	to	guide	successful	re-
vegetation	(Soliveres	et	al.,	2015;	Suding	et	al.,	2015).	In	particular,	
the	nursing	effect	of	Chamaerops humilis had a stronger positive im-
pact	on	seedlings	of	woody	species	in	Matasgordas	than	in	Reserva,	
which	probably	relates	to	a	deficit	of	two	major	resources.	First,	the	
soil	nutrient	content	(organic	matter,	phosphorus	and	nitrogen)	for	
the	two	microhabitats	(open	spaces	and	beneath	shrubs)	was	on	av-
erage	double	in	Reserva	compared	with	in	Matasgordas	(Appendix	
S1).	Second,	the	availability	of	groundwater	was	more	superficial	in	
Reserva	(2.39	m)	than	in	Matasgordas	(4.56	m).	Thus,	although	seed-
lings	cannot	develop	roots	to	reach	these	depths	in	1	year,	seedlings	
growing in Reserva probably had greater water availability because 
of	greater	moisture	in	the	topsoil	compared	with	seedlings	growing	
in	Matasgordas.	For	example,	Armolaitis	et	al.	 (2013)	showed	how	
a	 relatively	 higher	 groundwater	 level	 in	 Scots	 pine	 plantations	 fa-
vored	most	 soil	moisture	conditions.	However,	 accumulated	 seed-
ling	recruitment	was	unexpectedly	greater	(especially	beneath	dwarf	
palm)	in	Matasgordas	relative	to	Reserva,	which	is	surprising	given	
the	lower	nutrient	and	water	availability	in	the	former.	Disentangling	
additional	 biotic	 and	 abiotic	 factors	 leading	 to	 these	 among-	sites	
differences	 requires	 further	 experimental	 studies.	 In	 addition,	 dif-
ferences	in	the	time	since	cessation	of	human	activities	between	the	
sites	(Reserva	in	1964	and	Matasgordas	in	1996)	could	have	led	to	
differences	 in	 the	current	 stage	of	ecological	 succession.	Because	
human	 activities	 in	Matasgordas	 ended	more	 recently,	 succession	
is	 in	the	initial	phases	when	a	nursing	effect	of	pioneer	species	on	
woody	late-	successional	plants	is	more	frequent	(Callaway,	2007).

Interestingly,	 we	 found	 strong	 variation	 in	 RII	 among	 experi-
mental	blocks,	 i.e.,	among	Chamaerops humilis– open space pairings 
(Anthelme	et	al.,	2017;	Violle	et	al.,	2012).	This	noticeable	variation	
seems to be related more to the much higher variance in accumu-
lated seedling recruitment beneath Chamaerops humilis compared 
with adjacent open spaces. Chamaerops humilis	 not	 only	 exerts	
strong	 temperature	amelioration	 (Figure	1),	but	also	has	other	 im-
portant	 facilitative	 effects	 such	 as	 protection	 against	 vertebrate	
herbivores	 (e.g.,	 ungulates,	 lagomorphs;	 Alday	 et	 al.,	 2016;	 Perea	
&	 Gil,	 2014)	 and	 nutrient	 enrichment	 (e.g.,	 through	 leaves,	 fruits,	
seeds,	 and	 invertebrate	 decomposition;	 Rodríguez-	Echeverría	 &	
Pérez-	Fernández,	 2003).	 Although	 we	 did	 not	 detect	 any	 signif-
icant relationship between Chamaerops humilis	 size	 and	 seedling	
performance	 (Garrote	et	al.,	unpublished),	 there	was	a	positive	re-
lationship between Chamaerops humilis	size	and	its	association	with	
the	adult	plants	of	 several	woody	 species	 (e.g.,	Asparagus aphyllus 
or Olea europaea var. sylvestris;	Appendix	S2;	see	also	Alday	et	al.,	
2014).	However,	caution	is	advised,	simply	because	in	principle,	the	
greater the Chamaerops humilis	 size,	 the	greater	 the	probability	of	
woody	species	being	present	beneath	it.	Nevertheless,	these	posi-
tive	relationships	were	not	linear	and	showed	a	size	threshold	after	
which	 the	 probability	 of	 a	 woody	 species	 being	 present	 beneath	
Chamaerops humilis	 does	not	 increase	 further.	Taking	 into	account	
these	findings,	the	detected	strong	variation	in	seedling	recruitment	
among Chamaerops humilis individuals supports that Chamaerops 
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humilis–	woody	 species	 interactions	 shift	 along	 a	 facilitation–	
competition	continuum	(Bronstein,	2015).

4.3  |  Management implications

We	highlight	the	importance	for	restoration	practitioners	of	consider-
ing	 the	possibility	 that	 the	outcome	of	plant–	plant	 interactions	may	
shift	in	sign	and	strength	along	a	facilitation–	competition	continuum	
that	 is	 shaped	by	variation	among	 individual	plants.	 Indeed,	our	 re-
sults	exemplify	a	case	in	which	it	cannot	be	assumed	that	nurse	plants	
always	exert	positive	effects	on	beneficiary	plants.	For	 this	 reason,	
in	 large-	scale	restoration	activities	where	high	 investment	costs	are	
budgeted,	it	might	be	more	efficient	to	carry	out	small-	scale	field	ex-
periments	 to	 identify	 the	 species,	 restoration	 treatments,	 and	envi-
ronmental	 conditions	 under	which	 facilitative	 effects	 among	 target	
plants	are	most	likely	(Havrilla	et	al.,	2020;	Ibáñez	&	Rodríguez,	2020).	
Furthermore,	 identifying	 which	 nurse	 plant	 phenotypes	 (e.g.,	 size,	
shape)	 provide	 better	 results	 in	 putative	 beneficiary	 species	 (Violle	
et	al.,	2012)	might	also	be	an	important	task	in	large-	scale	restoration	
programs.	For	instance,	 in	their	seminal	study,	Pugnaire	et	al.	 (1996)	
found	that	the	effects	of	nurse	plant	size	on	multiple	variables,	such	as	
beneficiary	species	diversity	or	soil	composition,	were	always	positive	
(see	also	Losapio	et	al.,	2018).	Thus,	adequate	selection	of	plant	spe-
cies phenotype may increase revegetation success.

We	also	 revealed	 that	 the	 effect	 of	Chamaerops humilis on the 
performance	of	woody	species	varied	along	the	continuum	depend-
ing	on	the	plant’s	life	stage.	In	particular,	seed	survival	and	seedling	
emergence	showed	the	greatest	shifts	along	the	continuum	due	to	
strong	variation	among	blocks.	Therefore,	it	would	be	highly	recom-
mendable	to	focus	on	these	life	stages	during	the	selection	of	more	
positive	 nurse	 phenotypes	 and	 microhabitats.	 For	 instance,	 when	
managers	use	direct	seeding	beneath	nurse	plants	(Palma	&	Laurance,	
2015),	sowings	should	be	protected	 (e.g.,	with	wire	mesh	cages)	 to	
prevent	seed	predation	by	vertebrates	(e.g.,	rodents;	Díaz-	Hernández	
et	 al.,	 2021;	 Torroba-	Balmori	 et	 al.,	 2015).	 Also,	 when	 the	 nurse–	
beneficiary	plant	association	is	positive,	it	may	be	worthwhile	to	use	
seedlings	 from	 greenhouses,	 which	 may	 be	 directly	 transplanted	
under	nurse	plants	to	avoid	the	cost	of	increased	seed	predation.

Considering the strong variation in seedling establishment ob-
served	among	 target	woody	 species,	we	 suggest	 careful	 selection	
of	 plant	 species	 (both	 nurse	 and	 beneficiary)	 during	 the	 decision-	
making	 stage	 in	 restoration	 projects.	 For	 example,	 Navarro-	Cano	
et	 al.	 (2019)	 suggested	 trait-	based	 species	 selection	 because	 the	
greater	the	functional	distance	between	nurse	and	beneficiaries,	the	
greater	 the	success	of	 seedling	establishment	 (see	also	Ladouceur	
et	al.,	2021;	Verdú	et	al.,	2012).	Given	 that	 facilitative	effects	can	
be	coupled	with	disproportionate	seed	arrival	due	to	activity	by	fru-
givorous	 birds	 (i.e.,	 perching	 effect;	 sensu	Debussche	 et	 al.,	 1982)	
around	and	beneath	nurse	plants,	 restoration	practitioners	 should	
account	 for	 the	potential	generation	of	nucleation	processes	 (Holl	
et	al.,	2020;	Pausas	et	al.,	2006),	which	are	key	 to	 the	 restoration	
of	heavily	degraded	landscapes	worldwide.	Thus,	they	could	design	

interconnected	local	networks	of	isolated	nucleation	patches	choos-
ing	particular	nurse–	beneficiary	species	associations	depending,	for	
instance,	on	which	frugivorous	species	are	present	in	the	target	area.

Finally,	 we	 strongly	 emphasize	 the	 importance	 of	 accounting	
for	changing	interactions	between	nurse	and	presumed	beneficiary	
plants	in	revegetation	projects,	given	that	the	outcome	of	such	inter-
actions	can	shift	along	a	facilitation–	competition	continuum	and	thus	
alter restoration success. Our recommendations could be relevant 
for	many	other	potential	nurse	plant	species	present	in	multiple	land-
scapes	such	as,	for	example,	Myrcianthes coquimbensis	in	the	hyper-	
arid	Atacama	Desert	of	Chile	(Loayza	et	al.,	2017),	Larrea tridentata 
in	 the	Mojave	Desert	 of	California	 (Mahall	 et	 al.,	 2018)	 or	Azorella 
compacta	in	the	dry,	alpine	tropics	of	Bolivia	(Anthelme	et	al.,	2017).	
Indeed,	we	expect	that	our	results	will	lead	to	similar	studies	involv-
ing other plant– plant interactions in degraded habitats worldwide. 
Thus,	 these	 research	 efforts	will	 allow	 identification	 of	 how	 these	
changing	 interactions	might	 influence	 the	outcome	of	 revegetation	
projects	 (Hobbs	 et	 al.,	 2014),	 especially	 in	 the	 ongoing	Decade	 on	
Ecosystem	Restoration	2021–	2030	(Aronson	et	al.,	2020;	UN,	2019).
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version	of	the	article	at	the	publisher’s	website.
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