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Abstract
Questions:	How	do	phylogenetic	and	functional	trait	dispersions	respond	to	multiple	
abiotic	gradients?	Are	functional	trait	and	phylogenetic	dispersions	coupled	across	dif-
ferent	spatial	scales?	Does	phylogenetic	signal	on	functional	trait	data	help	to	eluci-
date	the	degree	to	which	phylogenetic	information	is	providing	novel	information?
Location:	Three	massifs	in	mediterranean-	type	climate	zone	of	the	high	Andes,	central	
Chile.
Methods:	We	sampled	plant	species	composition	in	20	alpine	sites	above	the	tree	line	
at	 three	different	spatial	 scales:	plot	 (20	m	×	20	m),	 subplot	 (2.4	m	×	2.4	m)	and	cell	
(30	cm	×	30	cm).	Functional	and	phylogenetic	mean	pair-	wise	distances	(MPD)	calcu-
lated	using	data	on	six	functional	traits	 (maximum	plant	height,	plant	size,	 leaf	area,	
specific	leaf	area,	leaf	dry	matter	content	and	leaf	thickness)	and	a	molecular	phylog-
eny	(rbcL	and	matK)	were	compared	to	the	patterns	expected	under	a	null	model	to	
characterize	 the	 functional	 and	 phylogenetic	 dispersion	 along	 interacting	 elevation	
and	potential	solar	radiation	gradients.
Results:	Our	 results	 show	that	 functional	and	phylogenetic	dispersion	were	 related	
and	 influenced	by	potential	solar	 radiation,	but	 the	effect	of	 this	 factor	varied	with	
elevation.	Overdispersion	was	found	in	the	most	stressful	sites,	while	clustering	was	
observed	where	the	conditions	were	milder,	suggesting	a	relevant	role	of	facilitation	
and	competitive	interactions,	respectively.	While	Blomberg’s	K	statistic	indicated	no	
phylogenetic	signal	for	the	studied	plant	traits,	Pagel’s	λ	indicated	phylogenetic	signal,	
but	not	of	strong	intensity	(<1),	suggesting	that	the	correlation	between	the	functional	
and	phylogenetic	diversities	was	low	and	that	additional	unmeasured	traits	with	phy-
logenetic	signal	were	likely	to	be	important	in	determining	the	structure	of	the	studied	
communities.
Conclusions:	Our	results	support	the	hypothesis	that	biotic	interactions	modulated	by	
environmental	 conditions	 are	 important	 for	 alpine	 plant	 community	 assembly.	
Moreover,	they	reinforce	the	notion	that	multiple	processes	shape	community	struc-
ture,	 and	 this	 can	 be	 elucidated	 by	 examining	 interacting	 environmental	 gradients,	
such	as	elevation	and	potential	solar	radiation,	and	taking	into	account	multiple	spatial	
scales.	Our	results	reinforce	the	use	of	both	functional	and	phylogenetic	diversities	
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1  | INTRODUCTION

Disentangling	the	drivers	that	determine	community	assembly	and	di-
versity	patterns	remains	a	critical	topic	in	ecology	(Götzenberger	et	al.,	
2012;	 HilleRisLambers,	 Adler,	 Harpole,	 Levine,	 &	 Mayfield,	 2012;	
Lortie	 et	al.,	 2004).	The	 current	 paradigm	 suggests	 the	 existence	of	
a	 complex	 balance	 between	 stochastic	 and	 deterministic	 processes	
(Chase,	 Kraft,	 Smith,	 Vellend,	 &	 Inouye,	 2011)	 leaving	 detectable	
spatial	 signals	 on	 community	 properties	 (McIntire	 &	 Fajardo,	 2009;	
Pavoine,	Vela,	Gachet,	De	Bélair,	&	Bonsall,	2011).	Species	interactions	
(both	 positive	 and	 negative)	 and	 environmental	 filtering	 are	 consid-
ered	the	most	relevant	deterministic	drivers	of	community	assembly	
leaving	observable	imprints	on	the	spatial	structure	(Chacón-	Labella,	
de	la	Cruz,	&	Escudero,	2016;	Wang	et	al.,	2015).

Critical	for	an	appropriate	understanding	of	the	balance	between	
deterministic	and	stochastic	processes	in	community	assembly	is	our	
ability	to	quantify	the	similarity	of	species,	or	the	role	played	by	each	
species,	 in	 the	assembly	process.	The	unrealistic	assumption	that	all	
species	 are	 equivalent	 independently	 of	 the	 role	 that	 each	 of	 them	
plays	 in	 the	 field,	 implicitly	 used	when	 evaluating	 patterns	 of	 taxo-
nomic	diversity,	has	led	to	evaluation	of	the	functional	similarity	among	
species	and	their	phylogenetic	relatedness	(Cadotte,	Cavender-	Bares,	
Tilman,	&	Oakley,	2009;	Kraft,	Cornwell,	Webb,	&	Ackerly,	2007)	as	
indicators	 of	 the	 overall	 ecological	 similarity	 among	 species.	 For	 in-
stance,	 the	 functional	 approach	 infers	 assembly	 processes	 by	 com-
paring	 the	distribution	of	plant	 functional	 traits	within	 communities	
with	those	expected	from	null	assemblages.	There,	abiotic	filtering	and	
competitive	exclusion	lead	to	clustering	of	functional	traits	compared	
to	null	models	(Diaz,	Cabido,	&	Casanoves,	1998).	Conversely,	niche	
differentiation	and	facilitative	interactions	produce	an	overdispersion	
of	functional	traits	(Kraft,	Valencia,	&	Ackerly,	2008;	Valiente-	Banuet	
&	Verdú,	2007).

Although	 trait-	based	 plant	 community	 ecology	 offers	 a	valuable	
conceptual	framework	(Shipley	et	al.,	2016)	and	the	number	of	papers	
published	using	 this	 approach	has	grown	exponentially	 (Escudero	&	
Valladares,	2016),	there	are	some	limitations.	One	of	these	limitations	
is	 the	reduced	set	of	 traits	 that	are	often	measured.	Sometimes	 im-
portant	but	unmeasured	aspects	of	plant	functioning	are	not	consid-
ered	(Shipley	et	al.,	2016).	For	this	reason,	phylogenetic	data	are	often	
used	as	a	proxy	 for	 the	 functional	 similarity	of	 species	 in	communi-
ties	 (Kraft	 et	al.,	 2007).	This	phylogenetic	 approach	 is	 rooted	 in	 the	
simple	 idea	 that	 closely	 related	 species	 are	 ecologically/functionally	
more	similar	than	more	distant	relatives	(Burns	&	Strauss,	2011).	This	

relationship	can	be	estimated	using	measures	of	phylogenetic	signal	
on	traits	(Blomberg,	Garland,	&	Ives,	2003).	In	those	cases	where	there	
is	 a	 strong	 signal,	 phylogenetic	 dispersion	 should	 reflect	 the	 func-
tional	 dispersion	 since	 closely	 related	 species	 are	 expected	 to	 have	
similar	trait	values	due	to	common	ancestry	(Cavender-	Bares,	Ackerly,	
Baum,	&	Bazzaz,	2004;	Swenson	&	Enquist,	2009;	Swenson,	Enquist,	
Thompson,	 &	 Zimmerman,	 2007).	 However,	when	 trait	 distribution	
has	a	low	phylogenetic	signal,	phylogenetic	data	can	provide	informa-
tion	about	unmeasured	traits	(Peres-	Neto	&	Kembel,	2015;	Swenson	
&	Enquist,	2009).

Despite	the	large	amount	of	work	quantifying	the	functional	and	
phylogenetic	structure	of	communities	over	the	past	decade,	a	gen-
eral	picture	regarding	the	processes	driving	assembly	remains	unclear.	
Although	discrepancies	between	trait	and	phylogenetic	dispersion	are	
common	 (Swenson	&	Enquist,	2009;	Swenson	et	al.,	2007),	discrep-
ant	functional	or	phylogenetic	patterns	have	also	been	found	in	com-
munities	due	to	differences	in	the	spatial	and	temporal	scales	utilized	
(Götzenberger	 et	al.,	 2012;	 Swenson,	 Enquist,	 Pither,	 Thompson,	 &	
Zimmerman,	2006).	An	explanation	 for	 seemingly	 conflicting	 results	
could	be	that	different	processes	may	be	simultaneously	operating	at	
different	scales,	in	response	to	different	environmental	factors	(Grime,	
2006;	Vonlanthen,	Kammer,	Eugster,	Bühler,	&	Veit,	2006),	producing	
opposing	effects	(Soliveres,	Torices,	&	Maestre,	2012)	sometimes	dif-
ficult	to	predict.

Functional	 trait	 dispersion	 is	 frequently	 considered	 as	 an	 inte-
grated	 response	 to	 single	 environmental	 gradients	 or	 to	 multiple,	
but	 independent,	 gradients	 (de	 Bello	 et	al.,	 2013;	 Dainese,	 Lepš,	
&	de	Bello,	 2015;	 Schöb,	Armas,	Guler,	 Prieto,	&	Pugnaire,	 2013).	
However,	 multiple	 gradients	 are	 rarely	 considered	 simultaneously	
(Swenson	&	Enquist,	2007).	To	know	how	and	to	what	extent	com-
munities	 respond	 to	 interacting	 gradients	 could	 explain	 discrep-
ancies	 when	 functional	 and	 phylogenetic	 structures	 have	 been	
explored	in	modelled	plant	assemblages	(May,	Giladi,	Ristow,	Ziv,	&	
Jeltsch,	2013)	or	along	a	complete	range	of	spatial	scales	(Chacón-	
Labella	et	al.,	2016).	For	 instance,	hydraulic	conductance	and	pho-
tosynthesis	 are	 governed	 by	 water	 availability,	 water	 potential	
gradients	 and	 temperature,	which	 ultimately	 result	 from	 an	 inter-
action	 between	 precipitation	 and	 temperature	 and	 not	 from	 each	
factor	independently	(Thornthwaite,	1948).	Thus,	 it	 is	 important	to	
evaluate	the	complementarity	between	functional	and	phylogenetic	
approaches	by	exploring	whether	or	not	 they	are	 redundant	along	
complex	and	simultaneous	environmental	gradients	and	considering	
different	spatial	scales.

simultaneously	and	discourage	the	use	of	phylogenetic	diversity	as	a	surrogate	of	func-
tional	structure.

K E Y W O R D S

alpine	plant,	community	assembly,	determinants	of	plant	community	structure,	dominance	
competitive,	elevational	gradient,	environmental	filter,	facilitation,	null	model,	potential	solar	
radiation
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Here,	we	assessed	plant	functional	trait	and	phylogenetic	disper-
sion	along	interacting	elevation	and	potential	solar	radiation	gradients	
controlling	the	effect	of	the	soil	fertility	and	species	spatial	aggrega-
tion.	This	was	done	across	multiple	spatial	scales—plot	(20	m	×	20	m),	
subplot	 (2.4	m	×	2.4	m)	and	cell	 (30	cm	×	30	cm)—to	provide	insights	
into	the	processes	that	drive	community	assembly.	The	study	was	per-
formed	 in	mountains	of	the	mediterranean-	type	climate	zone	of	the	
central	Chilean	Andes.	These	habitats	are	an	 ideal	model	system	for	
our	objectives	as	they	cover	a	wide	elevational	gradient	where	multi-
ple	abiotic	variables	exhibit	gradients	that	are	not	co-	linear	(Pescador,	
de	Bello,	Valladares,	&	Escudero,	2015).	Our	specific	objectives	were	
(1)	to	quantify	phylogenetic	and	functional	trait	dispersion	in	commu-
nities	along	multiple	abiotic	gradients;	(2)	to	determine	the	degree	to	
which	functional	trait	and	phylogenetic	dispersion	are	coupled	across	
different	 spatial	 scales;	 and	 (3)	 to	 evaluate	 phylogenetic	 signal	 on	
functional	traits	to	help	to	elucidate	the	degree	to	which	phylogenetic	
information	is	providing	novel	information.

2  | METHODS

2.1 | Study area

This	 study	 was	 conducted	 in	 three	 Andean	 massifs	 of	 the	
mediterranean-	type	climate	zone	of	central	Chile	(Appendix	S1)	nearly	
covering	the	complete	latitudinal	gradient	where	this	ecosystem	oc-
curs	in	South	America;	more	than	400-	km	long:	(1)	Farellones	40	km	
east	 of	 the	 city	 of	 Santiago;	 (2)	Morado	 at	 the	Maipo	 River	 Basin,	
80	km	southeast	of	the	city	of	Santiago;	and	(3)	Maule,	100	km	east	
of	 the	city	of	Talca	 (see	Table	1).	The	elevation	 in	our	study	ranges	
from	2,064	to	3,627	m	a.s.l.	The	inter-	annual	rainfall	variability	is	ex-
tremely	high.	Precipitation	mainly	occurs	as	snow	during	the	winter.	
Summers	 are	 extremely	 dry	 and	 the	 summer	 drought	 increases	 at	
lower	elevations.

Vegetation	above	the	tree	line	in	the	Andes	of	central	Chile	gen-
erally	 comprises	 prostrate	 shrubs	 (e.g.,	 Berberis empetrifolia	 Lam.)	
and	 some	 annual	 species	 (e.g.,	 Chaetanthera euphrasioides	 [DC.]	 F.	
Meigenat)	at	 lower	elevations,	while	at	higher	elevation	the	commu-
nity	is	dominated	by	cushion-	like	plants	(e.g.,	Azorella madreporica	Clos)	
and	 caespitose	 and	 rosette-	forming	 perennial	 herbs	 (e.g.,	Nassauvia 
pyramidalis	Meyen;	Cavieres,	Peñaloza,	&	Arroyo,	2000).

2.2 | Experimental design

In	 the	summer	of	2014,	we	sampled	20	alpine	sites	above	 the	 tree	
line	selecting	representative	patches	of	alpine	vegetation	 (Appendix	
S1)	avoiding	screes,	rocks	and	wet	habitats.	Vegetation	was	sampled	
at	three	different	spatial	scales	(Appendix	S1):	(1)	Plot	scale:	at	each	
site,	we	established	a	20	m	×	20	m	plot	in	a	representative	area	with	
homogeneous	vegetation	and	avoiding,	 rocks,	 screes,	 snow	beds	or	
humid	depressions;	(2)	Subplot	scale:	five	2.4	m	×	2.4	m	subplots	were	
established	within	each	plot,	one	in	each	corner	and	a	fifth	in	the	cen-
tre;	(3)	Cell	scale:	the	central	subplot	was	thoroughly	divided	into	64	
cells	of	30	cm	×	30	cm.	We	recorded	the	cover	of	any	plant	species	
at	each	subplot	and	at	each	cell.	Finally,	the	species	cover	at	the	plot	
scale	was	calculated	as	the	average	of	the	covers	of	each	species	in	
the	five	subplots.

We	 characterized	 the	 environment	 at	 each	 plot	 by	 determining	
several	variables.	Specifically,	the	elevation	and	aspect	were	obtained	
using	a	GPS	(Garmin	Colorado-	300;	Garmin,	Olathe,	CO,	USA)	and	the	
slope	using	a	clinometer	(Silva	Clinomaster;	Silva	Sweden,	Sollentuna,	
Sweden).	As	the	three	zones	are	at	different	latitudes	and	this	factor	
may	 influence	 community	 assembly,	 elevation	was	 standardized	 by	
subtracting	 the	 tree	 line	altitude	 from	plot	elevation.	Local	 tree	 line	
limits	were	identified	by	Google	Earth	and	averaging	the	elevation	of	
conspicuous	trees	in	the	area.	Aspect	and	slope	values	were	used	to	
calculate	 Gandullo’s	 potential	 solar	 radiation	 coefficient	 (Gandullo,	
1974):

where	GIa	 is	 the	 potential	 solar	 radiation	 calculated	 in	 north-	facing	
sites	and	GIb	in	south-	facing	sites,	 i	 is	the	solar	incidence	angle	(i.e.,	
90°—latitude),	p	is	the	slope,	α	is	the	angle	formed	by	the	aspect	and	
0°	for	GIa	and	the	aspect	and	180°	for	GIb.

To	 assess	 soil	 fertility,	 two	 soil	 samples	 (5	cm	 in	 diameter	 and	
10	cm	deep)	were	collected	at	each	corner	 subplot;	one	 in	an	open	
area	and	the	other	under	a	vegetated	patch	with	the	dominant	species	
in	the	community.	Soil	samples	were	air-	dried	for	1	month	and	sieved	
through	a	2-	mm	mesh	and	eight	parameters	of	functional	ecosystem	
properties	 related	 to	 the	cycling	and	storage	of	nutrients	were	esti-
mated.	Specifically,	we	estimated	organic	carbon	(C),	total	nitrogen	(N),	

GIa= sen i ⋅cos p−cos α ⋅cos i ⋅sen p

GIb= sen i ⋅cos p +cos α ⋅cos i ⋅sen p

TABLE  1 Geographic	location,	main	climatic	characteristics,	tree	line	elevation	and	tree	line	species	of	the	studied	sites

Study site Location
Annual precipitation 
(mm) Mean temperature (°C)

Tree line elevation 
(m a.s.l.) Tree line species

Farellones 33°20′	S,	
70°14′	W

943a 6.5b 2,200 Kageneckia angustifolia 
(Rosacea)

Morado 33°46′	S,	
70°01′	W

1,172d 8.7c 2,100 Kageneckia angustifolia 
(Rosacea)

Maule 35°58′	S,	
70°30′	W

900e 5e 1,700 Nothofagus antarctica 
(Nothofagaceae),	
Austrocedrus chilensis 
(Cupressaceae)

aSantibañez	and	Uribe	(1990),	bCavieres	et	al.(2000),	cInfante-	Fabres	(2009),	dMuñoz-	Schiciu,	Moreira-	Muñoz,	and	Villagrán	(2000)	and	eMéndez	(2014).
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available	 phosphorus	 (P)	 and	 potassium	 (K)	 as	 key	 nutrients	 related	
to	primary	productivity	 and	 the	build	up	of	nutrient	pools	 (Maestre	
et	al.,	2012).	In	addition,	we	estimated	phosphatase	and	β-	glucosidase	
soil	enzymatic	activities	that	are	tightly	related	to	soil	microbial	func-
tionality	 and	 rapid	 nutrient	 dynamics.	 Further	 details	 regarding	 the	
estimation	 of	 soil	 properties	 are	 provided	 in	Appendix	 S2.	The	 two	
soil	variables	per	subplot	were	used	to	obtain	a	subplot-	level	estimate	
of	soil	parameters.	This	was	done	by	weighting	the	soil	values	using	
the	mean	cover	observed	for	bare	ground	and	vegetated	areas	in	the	
subplot.	The	centre	subplot	value	was	estimated	as	the	average	of	four	
subplots	at	each	site.	With	all	of	 them	we	calculated	the	multifunc-
tionality	 index	 proposed	 by	Maestre	 et	al.	 (2012)	 as	 an	 indicator	 of	
soil	fertility.

2.3 | Phylogenetic analysis

To	estimate	 the	phylogenetic	diversity	and	relatedness,	a	molecular	
phylogeny	was	generated	for	the	community	using	two	barcoding	loci	
(rbcL	and	matK).	Phylogenetic	analyses	are	explained	in	Appendix	S3	
and	primers	for	PCR,	sequencing	and	PCR	cycling	conditions	used	in	
this	study	are	provided	in	Appendix	S4.

2.4 | Plant functional traits

During	 the	 austral	 summer	 season	 of	 2015	 functional	 traits	 were	
measured	for	71	species,	which	represented	at	least	80%	of	the	cumu-
lated	cover	of	each	subplot	(Borgy	et	al.,	2017).	We	measured	six	plant	
functional	traits	that	are	a	priori	expected	to	respond	to	the	environ-
mental	conditions	along	the	elevation	gradient.	Maximum	plant	height	
(MPH)	represents	a	trade-	off	between	competitive	vigour	(Cornelissen	
et	al.,	2003)	and	protection	by	snow	cover	(Körner,	2003);	plant	size	
(SI)	as	a	surrogate	of	accumulated	resources	 (Pescador	et	al.,	2015);	
leaf	area	(LA)	is	related	to	cold	stress	and	drought	(Cornelissen	et	al.,	
2003);	specific	leaf	area	(SLA)	is	related	to	growth	and	photosynthetic	
capacity	(Cornelissen	et	al.,	2003);	leaf	dry	matter	content	(LDMC)	is	
related	to	 investment	 in	 leaf	 tissues,	storage	and	structural	defence	
(Cornelissen	et	al.,	2003);	and	leaf	thickness	(LT)	that	is	related	to	nu-
trient	 cycling	and	 resistance	 to	wind	 (Choler,	2005).	All	 these	 traits	
were	measured	using	standardized	protocols	(Cornelissen	et	al.,	2003)	
with	the	exception	of	plant	size	(SI:	Pescador	et	al.,	2015),	which	was	
calculated	as	SI=π ⋅L ⋅S∕4,	where	L	is	the	longest	diameter	and	S	is	the	
shorter	diameter	perpendicular	to	the	former	one.

2.5 | Diversity estimates and statistical analyses

Functional	 and	 phylogenetic	 mean	 pair-	wise	 distances	 (MPD)	
weighted	by	cover	values	from	each	sampling	unit	(three	scales)	were	
compared	to	the	patterns	derived	from	a	null	model.	We	utilized	an	
independent	 swap	 null	 modelling	 approach	 because	 species	 abun-
dance	was	not	correlated	with	traits	and	it	was	not	phylogenetically	
structured	(Blomberg’s	K	<	0.001,	p	=	.11	and	Pagel’s	λ	=	.089,	p = .54; 
Blomberg	et	al.,	2003;	Hardy,	2008).	This	null	model	randomizes	the	
site-	by-	species	 community	data	matrix	 that	maintains	 the	observed	

species	 richness	of	communities	 (i.e.,	 row	sums)	and	 the	occupancy	
rates	of	species	across	the	study	system	(i.e.,	column	sums).	We	gen-
erated	999	random	community	matrices	using	the	independent	swap.	
The	 functional	 or	 phylogenetic	 dispersion	we	 used	 to	 calculate	 the	
corresponding	standardized	effect	size	SES	 (SES:	Gotelli	&	McCabe,	
2002)	where	positive	values	indicated	more	observed	diversity	than	
expected	 (i.e.,	overdispersion)	and	negative	values	 indicated	 less	di-
versity	than	expected	(i.e.,	clustering).	It	is	worth	noting	that	the	dis-
persion	values	were	considered	emergent	properties	of	the	realized	
assemblage	at	each	spatial	scale	independently	of	the	fact	they	were	
significant	or	not	in	relation	to	a	specific	null	model.	Before	analysis,	
the	 traits	were	 log-	transformed	 to	 reach	normality	when	necessary	
and	centered	by	their	SD.

We	tested	whether	functional	and	phylogenetic	diversity	provided	
similar	patterns	due	to	phylogenetic	signal	 (i.e.,	 tendency	for	closely	
related	 species	 to	 be	more	 similar)	 assessed	with	 the	 K	 statistic	 of	
Blomberg	and	with	Pagel’s	λ	using	a	Brownian	motion	model	of	trait	
evolution	(Blomberg	et	al.,	2003;	Pagel,	1999).

The	effects	of	two	coincident	abiotic	gradients,	elevation,	poten-
tial	solar	radiation	and	their	interaction,	on	the	functional	and	phylo-
genetic	dispersion	were	analysed	using	linear	models	at	the	plot	scale	
and	GLMM	 at	 subplot	 and	 cell	 scales.	 Zone	 (massif)	 and	 plot	were	
considered	a	fixed	effect	and	a	random	effect,	respectively,	to	take	in	
account	the	longitudinal	dependences	of	the	data.

In	addition,	we	considered	two	other	 fixed	predictors,	soil	 fertil-
ity	 and	 the	 biotic	 interactions	measured	 as	 the	 checkerboard	 score	
	(C-	score:	Stone	&	Roberts,	1990)	in	order	to	have	a	statistical	control	
of	these	sources	of	community	variation.	The	C-	score	calculated	with	
the	cell	data	gives	an	estimate	of	the	degree	of	spatial	segregation	in	
species	occurrences,	a	useful	indicator	of	plant–plant	interactions	and	
niche	differentiation	at	the	community	level	(Gotelli,	2000).

Before	assessing	the	models,	multi-	collinearity	was	checked	using	
generalized	 variance	 inflation	 factors	 (Fox,	 2015).	 In	 all	 cases	 they	
were	 <2,	 suggesting	 the	 absence	 of	 collinearity	 (Chatterjee	&	Hadi,	
2001).	We	select	the	best	model	based	upon	Akaike’s	information	cri-
terion	corrected	for	small	samples	(AICc).	Models	with	a	difference	in	
AICc	(ΔAICc)	<2	were	considered	to	be	indistinguishable	(Burnham	&	
Anderson,	 2002)	 and	 an	 average	explanatory	model	was	 estimated.	
We	calculated	Akaike	weights	(wi)	to	evaluate	the	importance	of	each	
predictor	(Burnham	&	Anderson,	2002),	and	it	relative	importance	(w+)	
was	assessed	by	summing	wi	values	of	each	candidate	model	in	which	
the	predictor	appeared.

Functional	and	phylogenetic	analyses	were	conducted	with	the	R	
package	Picante,	the	linear	models	and	the	linear	mixed	models	with	
R	package	lme4	and	model	selection	and	calculation	of	the	coefficient	
of	 determination	with	 package	MuMIn	 (R	 Foundation	 for	 Statistical	
Computing,	Vienna,	AT).

3  | RESULTS

We	sampled	100	subplots,	distributed	in	45	(Maule),	25	(Morado)	and	
30	(Farellones)	subplots.	We	recorded	70,	43	and	50	species	in	the	
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three	massifs,	 respectively,	 and	105	 species	 in	 total	 (see	Appendix	
S5	 for	a	 list	of	all	 species).	The	number	of	 species	per	plot	 ranged	
from	12	to	33	with	a	mean	value	of	20.8;	for	subplot	those	figures	
ranged	 from	 three	 to	 22,	with	 a	mean	 value	 of	 11.2;	 and	 for	 cell,	
they	ranged	from	three	to	22,	with	a	mean	value	of	5.5.	The	most	
abundant	species	 in	the	Maule	were	graminoids,	e.g.,	Festuca acan-
thophylla	 E.	Desv.	 and	Poa denudata	 Steud.	 In	 the	 other	 two	mas-
sifs,	 graminoids,	 e.g.	 Rytidosperma pictum	 (Nees	 &	 Meyen)	 Nicora	
and Poa denudata	together	with	cushion-	like	shrubs,	such	as	Azorella 
madreporica	Clos	and	Laretia acualis	(Cav.)	Gillies	&	Hook.,	dominated	
the	alpine	vegetation.

3.1 | Functional dispersion

The	 functional	 MPDs	 were	 highly	 variable	 among	 communi-
ties	 and	 relatively	 constant	 across	 scales,	 averaging	 2.02	 per	 plot	
(range	=	0.47–3.21),	2.11	per	 subplot	 range	=	0.10–	3.60),	 and	1.43	
per	cell	(range	=	0.01–3.68).	Functional	dispersion	in	the	community	
was	significantly	influenced	by	the	abiotic	factors	at	any	spatial	scale	
(Table	2).	In	general,	the	predictor	variables	with	the	highest	relative	
importance	(w+)	were	elevation,	potential	solar	radiation	and	their	in-
teraction	 (Appendix	S6).	 In	particular,	 the	 increase	 in	elevation	pro-
duced	 a	 shift	 from	 relatively	 low	 dispersion	 values	 suggesting	 trait	
clustering	to	larger	values	suggesting	overdispersion	(Figure	1).	There	
was	also	a	general	increment	in	overdispersion	with	increasing	poten-
tial	 solar	 radiation	 (Figure	1).	 Furthermore,	 the	 interaction	 between	
these	 two	variables	produced	clustering	when	 there	was	a	 simulta-
neous	 increase	 in	 elevation	 and	 potential	 solar	 radiation	 (Figure	1).	
The	 effect	 of	 these	 two	 variables	was	 consistent	 across	 the	 differ-
ent	 spatial	 scales	 (Table	2).	 At	 subplot	 scale,	 functional	 trait	 overd-
ispersion	also	occurred	when	aggregated	spatial	patterns	of	species	
predominated	(i.e.,	higher	C-	score	values)	suggesting	an	aggregation	

of	functionally	dissimilar	species,	and	clustering	when	species	tend	to	
segregate	(Appendix	S7).

A	significant	relationship	between	the	soil	 fertility	 index	and	the	
functional	dispersion	was	also	found	(Table	2)	but	at	the	finest	scale.	
An	overdispersed	pattern	in	higher	fertility	levels	(i.e.,	more	fertile	soil)	
and	a	clustered	pattern	in	lower	levels	of	fertility	at	cell	scale	was	ob-
served	(Appendix	S7).

3.2 | Phylogenetic dispersion

The	 average	phylogenetic	MPDs	were	0.23	per	 plot	 (range	=	0.06–
0.32),	 0.22	 per	 subplot	 (range	=	0.12–0.35),	 and	 0.15	 per	 cell	
(range	=	0.0003–0.34).	We	 found	 similar	 relationships	 between	 the	
abiotic	 gradients	 and	phylogenetic	 dispersion	 to	 those	 of	 the	 func-
tional	 dispersion	 analyses.	 In	particular,	 the	 interaction	between	el-
evation	and	potential	solar	radiation	explained	most	of	the	variability	
of	the	models	at	the	three	spatial	scales	considered	(Table	2,	Figure	1).	
Regarding	 soil	 fertility	 and	 C-	score	 index	 effects,	 we	 observed	 the	
same	trends	that	were	observed	for	functional	dispersion.

3.3 | Phylogenetic signal of functional traits

The	Blomberg’s	K	statistic	was	lower	than	0.002	for	all	the	functional	
trait	 measured,	 indicating	 phylogenetic	 signals	 lower	 than	 that	 ex-
pected	 from	a	Brownian	motion	model	of	 trait	evolution.	However,	
Pagel’s	λ	indicated	rather	low	phylogenetic	signals	in	all	traits	except	
for	 leaf	 area	where	 no	 signal	was	 found	 (LA:	 λ	=	0.69,	p >	0.05;	 SI:	
λ	=	0.84,	p	<	0.001;	MPH:	λ	=	0.24,	p	<	0.01;	SLA:	λ	=	0.56,	p < 0.05; 
LDMC:	λ	=	0.66,	p < 0.001; LT: λ	=	0.59,	p < 0.05).	The	low	phyloge-
netic	 signals	 found	 corresponded	 to	 the	 Spearman	 correlation	 be-
tween	phylogenetic	and	functional	trait	dispersion	matrices:	0.69,	0.65	
and	0.67	(p	values	<0.001)	at	plot,	subplot	and	cell	scales,	respectively.

4  | DISCUSSION

Functional	and	phylogenetic	dispersion	along	interacting	abiotic	gra-
dients	at	different	spatial	 scales	provide	valuable	 information	about	
the	processes	underlying	community	structure	and	assembly	 (Kawai	
&	Tokeshi,	2007).	Moreover,	our	results	reinforce	the	notion	that	in	
order	to	reveal	assembly	mechanisms	not	only	different	spatial	scales	
need	to	be	considered	(Messier,	McGill,	&	Lechowicz,	2010;	Spasojevic	
&	Suding,	2012),	but	also	interacting	environmental	gradients.

While	much	effort	has	been	devoted	to	quantifying	the	functional	
similarity	of	species	 in	communities	without	reference	to	the	abiotic	
environment	 (Kraft	 et	al.,	 2008;	 Swenson	et	al.,	 2012),	 the	 tradition	
in	 trait-	based	 ecology	 of	 relating	 functional	 trait	means	 to	 environ-
mental	gradients	has	naturally	led	to	the	study	of	functional	dispersion	
along	these	same	gradients	(Dainese	et	al.,	2015;	Schöb	et	al.,	2013).	
Although	 studies	 focused	 on	 one	 main	 gradient	 such	 as	 elevation	
(Pescador	et	al.,	2015;	Read,	Moorhead,	Swenson,	Bailey,	&	Sanders,	
2014),	 potential	 solar	 radiation	 (Ackerly,	 Knight,	 Weiss,	 Barton,	 &	
Starmer,	2002)	or	soil	nutrient	availability	(Yang	et	al.,	2014)	are	useful	

TABLE  2 Model-	averaged	estimates	of	model	selection	and	
multimodel	inference	for	functional	and	phylogenetic	dispersions

Dispersion/predictor 
variable Plot Subplot Cell

Functional dispersion

Elevation 0.020 0.011 0.003

Potential	solar	radiation 23.280 10.687 2.714

Elevation	×	potential	solar	
radiation

−0.027 −0.014 −0.003

c-	score – −0.010 –

Soil	fertility – – 0.005

Phylogenetic dispersion

Elevation 0.020 0.012 0.005

Potential	solar	radiation 13.93 8.306 3.396

Elevation	×	potential	solar	
radiation

−0.022 −0.014 −0.005

c-	score – −0.004 −0.002

Soil	fertility – – 0.005
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because	 they	allow	closer	 investigation	 into	 the	abiotic	mechanisms	
shaping	community	diversity	and	assembly,	studies	evaluating	several	
gradients	at	the	same	time	(de	Bello	et	al.,	2013;	Liu,	Swenson,	Zhang,	
&	Ma,	2013;	Xu	et	al.,	2017),	 including	their	 interaction,	are	particu-
larly	important	because	communities	may	be	structured	in	relation	to	
the	total	environment	they	experience	and	not	just	to	a	single	gradient.

Functional	dispersion	(i.e.,	SES	of	the	mean	pair-	wise	distance)	was	
influenced	 by	 potential	 solar	 radiation,	 a	 surrogate	 of	 energy	 input	
that	 strongly	affects	 important	processes	 (e.g.,	 snowmelt,	 soil	water	
content,	 etc.)	 with	 critical	 consequences	 for	 plant	 performance	 in-
cluding	phenology,	plant	water	content	and	photosynthesis	(Cornwell	
&	Ackerly,	2009;	Holland	&	Steyn,	1975).	This	 effect	differed	along	
elevation	as	noted	by	the	significant	 interaction	between	these	two	
factors	 (Figure	1).	 Functional	 trait	 dispersion	 showed	 relatively	 high	
values	suggesting	overdispersion	in	two	different	environmental	sce-
narios:	 first	when	 high	 elevations	 coincide	with	 low	 potential	 solar	
radiation	(i.e.,	a	cold	environment)	and	second,	at	low	elevations	but	
with	high	potential	solar	radiation	(a	rather	hot	and	dry	environment;	
Figure	1).	 These	 abiotic	 combinations	 results	 in	 probably	 the	 most	
stressful	conditions	that	can	be	found	in	our	study	sites	(Ackerly	et	al.,	
2002;	Cavieres,	Badano,	Sierra-	Almeida,	&	Molina-	Montenegro,	2007;	
Giménez-	Benavides,	Escudero,	&	Iriondo,	2007).	It	is	well	known	that	
temperature	 decreases	 with	 elevation,	 with	 freezing	 temperatures	
affecting	the	diversity	in	higher	elevations	(Körner,	2007).	Moreover,	
in	mediterranean	mountains,	 the	 short	 period	 of	vegetative	 activity	
is	conditioned	simultaneously	by	the	strong	summer	drought	typical	
of	this	climate,	shortening	the	vegetative	growth	period.	This	occurs	
in	opposition	to	 the	cold	stress	gradient	of	mountains,	exacerbating	
harsh	 conditions	 at	 low	elevations	 (Giménez-	Benavides	et	al.,	 2007;	
Körner,	2007;	Mihoč	et	al.,	2016).	Therefore,	high	potential	solar	ra-
diation	would	aggravate	drought	stress	in	the	lower	elevations	areas,	

while	 low	potential	 solar	 radiation	adds	environmental	harshness	 to	
the	low	temperatures	at	higher	elevations.

The	current	paradigm	suggests	that	stressful	conditions	should	in-
duce	clustered	functional	diversity	patterns	due	to	filtering	processes	
(de	Bello	et	al.,	2009;	Cavender-	Bares,	Keen,	&	Miles,	2006),	but	this	is	
not	the	case	in	our	Mmditerranean	climate-	type	mountains.	This	could	
be	 caused	 by	 the	 incidence	 of	 biotic	 interactions	 (Pausas	 &	Verdú,	
2010).	Many	studies	have	shown	the	high	importance	of	biotic	interac-
tions	as	drivers	of	community	assembly	(Butterfield	&	Callaway,	2013),	
also	in	alpine	systems	(Anthelme,	Cavieres,	&	Dangles,	2014;	Mitchell	
et	al.,	 2009;	 Schöb	 et	al.,	 2013).	 Both	 positive	 (i.e.,	 facilitation)	 and	
negative	 (i.e.,	 competition)	 interactions	 can	 generate	 overdispersion	
patterns	(Gross	et	al.,	2013;	Pistón,	Armas,	Schöb,	Macek,	&	Pugnaire,	
2015;	 Soliveres	 et	al.,	 2012).	Overall,	 facilitation	 tends	 to	 dominate	
interactions	 when	 environmental	 harshness	 increases	 (Butterfield	
&	 Callaway,	 2013;	 Callaway	 et	al.,	 2002),	whereas	when	 conditions	
tend	 to	 be	 milder,	 competition	 generally	 increases	 its	 importance	
(MacArthur	&	Levins,	1967;	Michalet	et	al.,	2006).	Although	in	alpine	
habitats	a	gradient	 from	facilitation	dominance	 in	high	elevations	to	
competition	in	the	more	benign	low	elevations	seems	to	be	the	norm	
(Callaway	et	al.,	2002)	a	humped-	back	pattern	with	maximum	stress	
at	 the	 two	edges	of	 the	gradient	 (i.e.,	coldness	at	 the	 top	and	sum-
mer	 drought	 at	 the	 bottom)	 seems	 to	 be	 typical	 in	 mediterranean	
mountains	 (Giménez-	Benavides	 et	al.,	 2007;	 Pescador	 et	al.,	 2015)	
including	the	mediterranean	Andes	(Cavieres,	Badano,	Sierra-	Almeida,	
Gómez-	González,	&	Molina-	Montenegro,	2006).	Interestingly,	species	
spatial	aggregation	(lower	C-	scores)	was	related	to	functional	and	phy-
logenetic	overdispersion,	while	species	segregation	(higher	C-	scores)	
generated	functional	clustering	(Table	2).	This	result	suggests	the	prev-
alence	of	facilitation	in	the	local	assembly	(Götzenberger	et	al.,	2012)	
because	nurses	and	facilitated	plants	having	divergent	trait	values	are	

F IGURE  1 Predicted	relationship	of	the	functional	(left)	and	phylogenetic	dispersion	(right)	with	the	interaction	of	potential	solar	radiation	
and	elevation	across	plot,	subplot	and	cell	scales	(from	top	to	bottom).	The	tone	scale	on	the	right	of	each	map	indicates	the	dispersion	values.	
Values	>0	indicate	overdispersion.	Values	<0	indicate	clustering.	The	black	lines	represent	isoclines
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phylogenetically	distant,	as	has	been	also	shown	in	other	studies	in-
cluding	alpines	sites	(Butterfield	et	al.,	2013;	Pistón	et	al.,	2015).	Thus,	
the	 low	 functional	 diversity	 and	 convergence	where	 environmental	
conditions	are	milder	suggest	that	competition	may	be	the	underlying	
process	 responsible	 for	 this	 pattern.	Although	 plant	 trait-	based	 and	
community	assembly	literature	has	usually	suggested	that	competition	
drives	functional	and/or	phylogenetic	overdispersion	(Cavender-	Bares	
et	al.,	2004),	functional	and	phylogenetic	convergence	may	also	be	the	
result	of	processes	such	as	competitive	dominance	of	a	few	more	com-
petitive	 species	 (HilleRisLambers	 et	al.,	 2012;	 Kunstler	 et	al.,	 2012;	
Mayfield	&	Levine,	2010).

Our	findings	also	suggest	that	soil	fertility	may	be	particularly	im-
portant	in	determining	the	functional	structure	but	only	at	the	finest	
spatial	scale.	Soil	fertility	operated	as	an	abiotic	determinant,	increasing	
functional	clustering	when	soil	fertility	was	lower	(limitation	of	primary	
productivity).	 In	contrast,	when	soil	fertility	was	high,	an	overdisper-
sion	 pattern	 emerged	 (Table	2).	 These	 findings	 suggest	 community	
assembly	 is	mediated	by	 limiting	similarity	 that	 repulses	 functionally	
similar	 species	 (MacArthur	 &	 Levins,	 1967),	 therefore,	 niche	 differ-
entiation	is	required	to	avoid	competition	exclusion	(Aarssen,	1983).	
Similar	results	have	previously	been	found	in	other	plant	communities	
when	functional	diversity	is	related	to	different	ecosystem	functions.	
For	 example,	 Laliberté,	 Norton,	 and	 Scott	 (2013)	 found	 functional	
diversity	 increased	with	 higher	 levels	 of	 productivity	 and	decreased	
with	low	levels	in	semi-	arid	grasslands,	and	Mason	et	al.	(2012)	found	
divergence	and	convergence	at	high	and	low	fertility,	respectively,	in	
rain	forest	communities.

When	the	results	of	phylogenetic	dispersion	were	evaluated,	the	
patterns	of	the	effect	between	potential	solar	radiation	and	eleva-
tion,	together	with	the	effect	the	C-	score	index	and	the	soil	fertility	
were	 similar	 to	 those	 of	 the	 functional	 dispersion,	 and	 consistent	
at	 all	 scales	 (Table	2).	 The	 analysis	 of	 phylogenetic	 signal	 using	
Blomberg’s	 K	 statistic	 revealed	 no	 signal	 for	 the	 plant	 functional	
traits	 studied,	 whereas	 Pagel’s	 λ	 indicated	 a	 phylogenetic	 signal	
present	 in	 all	 traits	 (except	 leaf	 area),	 but	 of	 low	 intensity.	Under	
the	current	 theoretical	 framework	 if	both	 functional	and	phyloge-
netic	 dispersions	 are	 similar,	 functional	 trait	 patterns	would	 show	
a	strong	phylogenetic	signal	(de	Bello	et	al.,	2017;	Cadotte,	Albert,	
&	Walker,	2013;	Gerhold,	Cahill,	Winter,	Bartish,	&	Prinzing,	2015;	
Kraft	et	al.,	2007).	However,	this	does	not	need	to	be	the	case	be-
cause	unmeasured	traits	with	stronger	phylogenetic	signal	that	are	
less	correlated	with	 traits	of	 interest	may	similarly	 respond	 to	 the	
gradients.	This	finding	reinforces	the	idea	that	the	phylogenetic	in-
formation	is	complementary	to	the	functional	information	(Swenson	
&	Enquist,	2009)	rather	than	being	redundant	information	or	a	proxy	
of	the	functional	structure	(Mason	&	Pavoine,	2013;	Pavoine,	Gasc,	
Bonsall,	&	Mason,	2013).	Our	results	also	suggest	that	the	strength	
of	local	assembly	processes	remains	strongly	connected	with	spatial	
scales	(Chalmandrier	et	al.,	2017).	Thus,	functional	trait	and	phylo-
genetic	dispersion	were	coupled	consistently	across	spatial	 scales.	
Many	studies	have	shown	that	discrepancies	with	different	patterns	
of	 dispersion,	 functional	 or	 phylogenetic,	 occur	 among	 different	
spatial	 scales	 (Cavender-	Bares	 et	al.,	 2006;	 Swenson	 et	al.,	 2007;	

Yang	et	al.,	2014).	 In	our	case,	probably	due	 to	 the	sharp	shifts	 in	
environmental	abiotic	conditions	along	a	long	elevational	gradient,	
the	dispersion	patterns	remain	similar	and	tight	across	scales.

Taken	 together	 our	 results	 suggest	 the	 dominance	 of	 abiotic	
gradient	 interactions	 in	 the	 functional	 and	 phylogenetic	 dispersion	
structure,	although	they	also	reinforce	the	general	idea	that	biotic	in-
teractions	and	other	very	fine-	scale	local	factors	such	as	soil	fertility	
heterogeneity	are	simultaneously	operating.

5  | CONCLUSIONS

Our	 results	 indicate	 the	 importance	 of	 evaluating	more	 than	 one	
abiotic	gradient	at	a	time.	Interactions	(additive	or	synergistic)	be-
tween	gradients	 are	expected	 to	be	 common	and	analysing	 these	
interactions	can	give	novel	perspectives	to	the	community	assem-
bly	processes.	Our	study	demonstrates	how	these	interactions	may	
act.	Stress	 in	 these	mountains	 is	very	 intense	at	both	ends	of	 the	
elevational	gradient	due	to	the	existence	of	opposite	temperature	
and	moisture	 stress	 gradients	 (Mihoč	et	al.,	 2016).	 Solar	 radiation	
must	 be	 taken	 into	 account	 since	 it	 can	 attenuate	 or	 exacerbate	
environmental	 harshness	 associated	 with	 elevation.	 This	 interac-
tion	between	the	two	factors	produced	functional	and	phylogenetic	
overdispersed	patterns	resulting	from	facilitative	interactions	where	
the	conditions	are	more	stressful.	In	contrast,	where	the	conditions	
are	milder,	dominance	of	a	few	species	that	are	more	competitive	
could	lead	to	clustered	patterns.	Thus,	our	results	support	the	hy-
pothesis	that	biotic	interactions	modulated	by	environmental	con-
ditions	are	 important	 for	alpine	plant	community	assembly.	These	
patterns	were	consistent	across	spatial	scales.	Finally,	it	is	notewor-
thy	 that	 the	 functional	 and	phylogenetic	patterns	 and	drivers	 run	
in	parallel	despite	the	fact	that	the	considered	functional	traits	had	
no	phylogenetic	signal.	This	suggests	that,	first,	the	two	diversities	
are	not	redundant	(Swenson	&	Enquist,	2009),	and	second,	the	ex-
treme	abiotic	conditions	 these	communities	 face	produce	conver-
gence	in	the	patterns	and	mechanisms	of	these	two	complementary	
diversities.
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