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Abstract
Selection	within	natural	communities	has	mainly	been	studied	along	large	abiotic	gra-
dients,	while	 the	selection	of	 individuals	within	populations	 should	occur	 locally	 in	
response	to	biotic	filters.	To	better	leverage	the	role	of	the	latter,	we	considered	the	
hierarchal	nature	of	environmental	selection	for	the	multiple	dimensions	of	the	trait	
space	 across	 biological	 levels,	 that	 is,	 from	 the	 species	 to	 the	 community	 and	 the	
ecosystem	levels.	We	replicated	a	natural	species	richness	gradient	where	communi-
ties	 included	 from	 two	 to	16	 species	within	 four	wetlands	 (bog,	 fen,	meadow,	and	
marsh)	contrasting	in	plant	productivity.	We	sampled	functional	traits	from	individu-
als	in	each	community	and	used	hierarchical	distributional	modeling	in	order	to	ana-
lyze	the	independent	variation	of	the	mean	and	dispersion	of	functional	trait	space	at	
ecosystem,	community,	and	species	levels.	The	plant	productivity	gradient	observed	
between	wetlands	led	to	species	turnover	and	selection	of	traits	related	to	leaf	nutri-
ent	conservation/acquisition	strategy.	Within	wetlands,	plant	species	richness	drove	
trait	variation	across	both	communities	and	species.	Among	communities,	variation	
of	species	richness	correlated	with	the	selection	of	individuals	according	to	their	use	
of	vertical	space	and	leaf	adaptations	to	light	conditions.	Within	species,	intraspecific	
light-	related	trait	variation	in	response	to	species	richness	was	associated	with	stable	
population	 density	 for	 some	 species,	while	 others	 reached	 low	population	 density	
in	more	diverse	communities.	Within	ecosystems,	variation	 in	biotic	 conditions	 se-
lects	individuals	along	functional	dimensions	that	are	independent	of	those	selected	
across	ecosystems.	Within-	species	variations	of	light-	related	traits	are	related	to	de-
mographic	 responses,	 linking	 biotic	 selection	 of	 individuals	 within	 communities	 to	
eco-	evolutionary	dynamics	of	species.
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1  |  INTRODUC TION

Selection	 of	 individual	 plants	 growing	 within	 plant	 communities	
is	often	described	as	 a	hierarchical	 sequence	of	 abiotic	 and	biotic	
filters	 (HilleRisLambers	 et	 al.,	2012;	 Lortie	 et	 al.,	 2004;	Weiher	&	
Keddy,	1995).	Consequences	of	these	filters	on	plant	communities	
have	been	comprehensively	explored	using	functional	traits,	which	
are	measurable	characteristics	of	 individuals	 linked	to	their	fitness	
(Violle	 et	 al.,	 2007).	 When	 aggregated	 at	 the	 community	 level,	
change	in	trait	values	is	the	most	widely	used	tool	to	reveal	how	dif-
ferent	environments	select	individuals	based	on	their	ability	to	ex-
press	traits	that	allow	them	to	grow	and	reproduce	under	a	given	set	
of	conditions	and	resources	(Shipley	et	al.,	2006).	The	directionality 
of	the	selection	process	describes	the	displacement	of	the	mean	trait	
value	along	an	environmental	gradient	(Cavender-	Bares	et	al.,	2004).	
The intensity	of	the	selection	measures	the	amount	by	which	ecolog-
ical	constraints	(e.g.,	stress,	disturbance,	and	biotic	interactions)	at	a	
given	position	along	the	environmental	gradient	reduce	or	enlarge	
the	envelope	of	realized	trait	values	(Laughlin	&	Joshi,	2015).

Selection	 directionality	 can	 be	 evaluated	 by	 calculating	 the	
community-	aggregated	average	of	a	particular	trait,	while	selection	
intensity	is	studied	using	the	statistical	dispersion	of	individual	traits	
within	a	community	(Figure 1,	Cornwell	&	Ackerly,	2009).	Variation	
in	community	trait	mean	and	dispersion	may	be	due	to	species	turn-
over,	 change	 in	 species	 relative	 abundances	 or	 intraspecific	 adap-
tations	 (De	Bello	 et	 al.,	2012).	 Between	 ecosystems,	 relationships	

between	 environment	 and	 community	 trait	 are	 usually	 associated	
with	strong	species	turnover	from	one	environment	to	another	lead-
ing	to	interspecific	trait	differences	and	variation	in	community	mean	
and	 dispersion	 (e.g.,	 Bjorkman	 et	 al.,	 2018;	 Le	 Bagousse-	Pinguet	
et	 al.,	 2017;	 Shipley,	2010).	Within	 ecosystems,	 trait–	environment	
relationships	are	underexplored,	probably	because	one	could	con-
sider	 weak	 changes	 in	 environmental	 conditions	 and	 trait	 values,	
which	would	hamper	our	ability	to	detect	selection	on	environmental	
gradients.	However,	intraspecific	adaptation	within	ecosystems	can	
lead	to	changes	in	trait	values	that	are	more	important	than	the	ones	
related	to	interspecies	differences	(Messier	et	al.,	2017).	As	a	result,	
hierarchical	analyses	of	trait	variation	within	and	among	communi-
ties	are	needed	to	understand	the	dominant	drivers	of	selection	on	
environmental	gradients	(as	recently	reviewed	by	Anderegg,	2023).

Within	 ecosystems,	 biotic	 constraints	 (e.g.,	 intra-		 and	 inter-
specific	 competition,	 facilitation)	 often	 dominate	 over	 abiotic	
constraints	 and	 structure	 the	 spatial	 heterogeneity	 of	 plant	 com-
munities	 (Berdugo	 et	 al.,	 2019;	 Chalmandrier	 et	 al.,	 2017;	 Gross,	
Börger,	 Duncan,	 &	 Hulme,	 2013;	 Gross,	 Börger,	 Soriano-	Morales,	
et	al.,	2013).	Selection	directionality	 in	trait–	environment	relation-
ships	may	occur	 among	communities	when	 relative	 fitness	 advan-
tage	of	species	varies,	displacing	the	community	trait	mean	toward	
the	most	competitive	strategy	in	the	case	of	competitive	hierarchy	
(Kunstler	et	al.,	2012),	or	toward	the	center	of	a	multimodal	distri-
bution	when	different	 equivalent	 strategies	 coexist	 (Le	Bagousse-	
Pinguet	 et	 al.,	 2017).	 Selection	 intensity	 among	 communities	 will	

F I G U R E  1 Conceptual	framework	representing	the	selection	of	individuals	within	communities	and	the	corresponding	trait	variation	
along	an	environmental	gradient.	Species	richness	was	considered	as	a	biotic	gradient,	along	which	intraspecific	competition	decreases.	
The	selection	of	individuals	by	biotic	constraints	along	the	gradient	can	induce	a	directionality	and	an	intensity	of	trait	variation	both	at	
community	and	species	biological	organization	levels.	Using	a	Bayesian	hierarchical	model,	we	disentangled	the	variation	occurring	at	each	
level	to	better	understand	the	selection	of	individuals	within	ecosystems.	The	species	richness	gradient	was	repeated	within	four	wetland	
ecosystems	(bog,	fen,	wet	meadow,	and	fluvial	marsh).	Directionality	was	represented	by	the	trait-	richness	slope	β	and	the	intensity	was	
represented	by	the	trait-	richness	parameter	γ	occurring	both	at	community	and	species	levels.	Some	of	the	models	are	represented	in	the	
figure	and	the	full	list	is	available	in	Table 1.
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decrease	when	 the	dispersion	of	 trait	 values	 is	 increased	by	com-
petitive	 exclusion	 (Chesson,	 2000;	 Mayfield	 &	 Levine,	 2010),	 or	
by	 limiting	 similarity	 processes	 that	 force	 plants	 to	 exploit	 dif-
ferent	 strategies	 to	 balance	 inter-		 over	 intraspecific	 competition	
(Grime,	2006;	Gross,	Börger,	Duncan,	&	Hulme,	2013).	To	study	the	
response	of	selection	directionality	and	intensity	to	the	strength	of	
biotic	 constraints	 within	 ecosystems,	 the	 local	 pattern	 of	 species	
richness	 can	 be	 considered	 as	 a	 good	 candidate	 (as	 proposed	 in	
Bittebiere	et	al.,	2018).	 It	can	strongly	vary	within	a	given	ecosys-
tem	(Huston,	2014;	Willis	&	Whittaker,	2002),	and	as	consequence	
decreases	 intraspecific	 competition	 and	 acts	 as	 a	 driver	 of	 trait	
mean	and	dispersion	(Cornwell	&	Ackerly,	2009;	Wolf	et	al.,	2021; 
Zuppinger-	Dingley	et	al.,	2014).

Within	species,	selection	also	operates	between	individuals	(in-
traspecific	trait	variations),	where	both	directionality	and	 intensity	
shape	 the	 realized	 species	 niche	 in	 response	 to	 biotic	 constraints	
(Austin	&	Smith,	1989;	Levine	&	HilleRisLambers,	2009).	Individuals	
of	 different	 populations	 may	 tend	 to	 exhibit	 different	 mean	 trait	
values	depending	upon	the	competitive	advantage	it	provides	(Hart	
et	al.,	2016;	Weiner	&	Thomas,	1986).	Trait	dispersion	of	a	given	spe-
cies	may	be	reduced	when	individuals	exploit	the	same	specialized	
resources	 and	 limit	 overlap	 with	 neighbors	 (Hulshof	 et	 al.,	 2013; 
Violle	et	al.,	2012).	On	the	contrary,	trait	dispersion	expands	when	
neighbors	 vary	 in	 strategies,	 potentially	 decreasing	 competition	
between	 conspecifics	 (Le	 Bagousse-	Pinguet	 et	 al.,	 2014;	 Meilhac	
et	al.,	2020).	Such	intraspecific	trait	variation	can	be	associated	with	
population	dynamics	using	the	framework	by	Richards	et	al.	(2006,	
Figure 1).	Jack- of- all- trades	strategists	are	species	that	exploit	their	
intraspecific	variations	 to	maintain	 their	density	 through	contrast-
ing	 biotic	 constraints.	 Individual	 density	 of	 such	 species	 will	 be	
independent	 of	 species	 richness	 within	 the	 community	 (Richards	
et	al.,	2006).	Master- of- some	 strategists	would	 instead	take	advan-
tage	of	environments	with	low	abiotic	constraints	to	dominate	and	
maintain	higher	demographic	rates.	Their	individual	density	will	de-
crease	as	 species	 richness	 increases,	 likely	using	 intraspecific	 trait	
variation	 as	 a	 potential	way	 to	 limit	 between-	species	 differences.	
Rarely,	intraspecific	trait	variation	has	been	associated	with	changes	
in	demographic	descriptors,	such	as	individual	density.

Selection	 directionality	 and	 intensity	 needs	 to	 be	 studied	 on	
multiple	 traits	 that	 describe	 the	 ability	 of	 individual	 to	 cope	with	
changes	 to	 biotic	 and	 abiotic	 constraints	 (Cornwell	 et	 al.,	 2006; 
Spasojevic	&	Suding,	2012).	It	has	been	shown	that	variation	of	dis-
tinct	traits	takes	place	at	different	 levels	of	biological	organization	
(de	Bello	et	al.,	2013;	Siefert	et	al.,	2014)	and	that	uncorrelated	sets	
of	 functional	 traits	 rely	 on	 different	 resources	 and	 selection	 pro-
cesses	(Da	Silveira	Pontes	et	al.,	2015;	Maire	et	al.,	2012).	To	under-
stand	environmental	selection	within	ecosystems,	functional	traits	
should	be	selected	to	represent	the	independent	dimensions	along	
which	 selection	occurs	 on	 individuals	 and	percolate	up	 to	 species	
and	communities.

We	designed	an	original	field-	based	approach	that	aims	to	disen-
tangle	selection	directionality	and	intensity	at	both	species	and	com-
munity	 levels	 (see	Figure 1).	We	selected	four	sites	corresponding	

to	different	wetland	ecosystems	with	a	similar	climate	and	charac-
terized	by	contrasting	 soil	 pH	and	plant	productivity.	Within	each	
ecosystem,	we	selected	eight	natural	 communities	 (ca.	20 m2	plot)	
from	monodominated	to	highly	diverse	communities,	establishing	a	
species	 richness	 gradient	where	 abiotic	 differences	 (including	 soil	
pH)	are	minimized	(Rheault	et	al.,	2015).	In	each	community,	we	ran-
domly	sampled	individuals	and	measured	key	functional	traits	that	
are	related	to	nutrient	and	light	acquisition.	We	formulated	hierar-
chical	models	with	explicit	parameters	for	the	mean	and	dispersion	
of	these	functional	traits	at	ecosystem	(=	site),	community	(=	plot)	
and	species	levels.	We	used	this	hierarchical	experimental	design	to	
model	trait–	environment	relationships,	with	the	aim	of	exploring	the	
following	questions:

Q1:	How	does	species	richness	modify	the	directionality	and	in-
tensity	of	selection	within	ecosystems,	independently	of	differ-
ences	between	ecosystems?
Q2:	Does	selection	by	species	richness	occur	at	the	species	level?
Q3:	 Does	 intraspecific	 selection	 by	 species	 richness	 relate	 to	
Jack- of- all- trades	and	Master- of- some	demographic	strategies?

2  |  MATERIAL S AND METHODS

2.1  |  Study sites

In	the	lowlands	of	the	St	Lawrence	River	in	Eastern	Canada,	a	spe-
cies	 richness	gradient	was	chosen	 in	 four	highly	 contrasting	natu-
ral	wetland	ecosystems.	These	wetlands	share	the	same	temperate	
humid	 climate	 (mean	 annual	 temperature	 =	 5.4°C,	 mean	 annual	
precipitation	=	1030 mm,	mean	growing	season	length	=	112 days)	
with	 acidic	 soils	 due	 to	 the	 proximity	 to	 the	 granitic	 Canadian	
shield.	These	ecosystems	ranked	along	a	soil	 fertility	gradient	 (soil	
pH	 as	 proxy,	 Figure S1)	 and	 were	 characterized	 as	 bog	 (Lac-	à-	la-	
Tortue,	 46°33′15″N	 72°39′46″W),	 fen	 (Red-	Mill,	 46°25′38.9″N	
72°29′46.6″W),	 wet	 meadow	 (Sorel	 Islands,	 46°04′12.9″N	
73°10′11.1″W),	 and	 fluvial	 marsh	 (Maskinonge,	 46°11′39.1″N	
72°59′58.7″W).	 Within	 each	 ecosystem,	 we	 selected	 eight	 com-
munities	 of	 similar	 area	 to	 build	 a	 species	 richness	 gradient	 (total	
number	of	communities	=	31,	with	only	seven	communities	sampled	
in	 the	 wet	 meadow).	 The	 richness	 gradient	 was	 comparable	 be-
tween	ecosystems	and	ranged	from	two	species	to	16	species	per	
similar	area	(ca.	20	to	25	m2,	Figure 1a).	Importantly,	there	was	no	
relationship	between	soil	pH	and	species	richness	or	plant	density	
(Figures S1).	The	experimental	design	minimized	abiotic	differences	
among	communities	within	ecosystems	(Rheault	et	al.,	2015).

2.2  |  Vegetation sampling

Within	each	community,	we	sampled	80	individuals	(ramets)	with	at	
least	two	mature	leaves.	We	identified	species	directly	 in	the	field	
and	 confirmed	 the	 identification	 in	 the	 laboratory	 using	 the	 key	
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and	description	by	Brouillet	et	al.	 (2002).	Sampling	was	conducted	
during	two	campaigns	(June	14,	2016–	July	5,	2016	and	August	22,	
2016–	September	3,	2016).	We	used	point-	plant	distance	sampling	
(Elzinga	et	al.,	1998),	conducted	simultaneously	by	two	independent	
harvesters	using	successive	random	bearings	and	distances.	At	each	
point,	the	closest	mature	plant	was	harvested,	and	its	distance	to	the	
point	measured.	Plant	density	within	communities	were	computed	
using	Equation 1,	where	densp	 is	 the	density	 in	 individuals	per	m

2 
of	community	c,	n	is	the	number	of	individuals	harvested	within	the	
community,	and	dci	is	the	distance,	in	cm,	between	the	point	and	the	
individual	i	of	community	c:

2.3  |  Trait measurements

We	selected	a	set	of	plant	functional	traits	that	are	linked	to	differ-
ent	biological	 functions	 (Table S1).	The	area	 (LA),	extended	 length	
(EL),	and	angle	of	the	leaves	are	linked	to	vertical	space	occupation	
strategies	that	are	used	to	compete	for	light	interception	(Hikosaka	
&	 Hirose,	 1997;	 Weiner	 &	 Thomas,	 1986),	 while	 leaf	 chlorophyll	
content	and	specific	 leaf	area	 (SLA)	represent	the	fine-	scale	adap-
tation	to	optimize	light	utilization	(Kull	&	Niinemets,	1998;	Poorter	
et	al.,	2012).	Leaf	dry	matter	content	(LDMC)	and	flavonoid	content	
are	 related	 to	 nutrient	 conservation	 and	 involved	 in	 response	 to	
stress	and/or	herbivory	(Hodgson	et	al.,	2011;	Izaguirre	et	al.,	2007).	
On	each	individual,	we	measured	the	length	from	the	ground	to	the	
edge	of	deployed	leaves	(EL,	cm).	We	collected	the	last	mature	leaf,	
photographed	it,	and	weighted	fresh	and	dry	leaf	mass	to	calculate	
LA,	 LDMC,	 and	 SLA	 following	 the	 protocols	 described	 by	 Pérez-	
Harguindeguy	et	al.	(2013).	Chlorophyll	content	is	the	concentration	
of	chlorophyll	in	the	leaf	epidermis	(μg cm−2),	and	flavonoid	content	
is	an	index	of	flavonoids	concentration	in	this	superficial	layer,	which	
is	related	to	phenol	accumulation.	We	measured	the	latter	two	vari-
ables	using	a	portable	Dualex	instrument	(Force-	A,	Orsay,	France),	
which	 uses	 a	 combination	 of	 fluorescence	 signals	 at	 various	 exci-
tation	 bands	 to	 quantify	 pigments	 and	 chemical	 compounds.	 This	
method	that	we	validated	for	our	species	pool	(Figure S2),	has	been	
successfully	used	to	study	leaf	phenology	(Mattila	et	al.,	2018),	and	
the	 response	of	 leaf	metabolism	to	both	nutrient	 (Scogings,	2018)	
and	light	manipulation	(Agati	et	al.,	2011).

2.4  |  Data analysis

2.4.1  | Modeling	framework

We	used	a	Bayesian	distributional	modeling	framework	as	proposed	
by	Rigby	and	Stasinopoulos	(2005)	to	model	trait	and	plant	density	
distributions	at	ecosystem,	community,	and	species	levels	(see	sAp-
pendix	S1	for	full	details	on	the	Bayesian	modeling).	We	used	two	
distribution	probability	families	to	describe	trait	variation	between	

individuals.	For	traits	with	only	positive	values	 (except	LDMC),	we	
used	 a	 Gamma	 distribution,	 whereas	 we	 modeled	 LDMC	 using	 a	
Beta	distribution.	We	parameterized	the	Gamma	distribution	using	
the	mean	(μ)	and	dispersion	(σ)	parameters	while	we	used	a	precision	
parameter	(ϕ)	to	quantify	the	dispersion	of	the	Beta	distribution.	We	
used	the	parameters	of	trait	distribution	as	proxies	of	the	selection	
directionality	 (mean	μ)	 and	 the	 selection	 intensity	 (dispersion	σ or 
precision	ϕ).

2.4.2  |  Selection	by	plant	species	richness	within	
ecosystems	(Q1)

We	used	all	available	 trait	data	 (raw	data	=	2480)	 to	 focus	on	the	
unique	response	of	traits	 to	plant	species	richness	gradient	within	
ecosystems.	The	most	complex	model	(Mcom3)	describing	the	distri-
bution	from	which	the	trait	value	of	the	 ith	individual,	yi,	 is	drawn,	
was	written	as	follows:

where f()	is	a	probability	distribution	parameterized	in	term	of	μ	and	σ 
(or ϕ),	while	g1()	and	g2()	are	link	functions.	β0	and	γ0	are	intercepts	for	
the	first	sampling	campaign,	while	βT2	and	γT2	are	the	deviations	for	
the	second	campaign	for	the	mean	and	the	dispersion	of	the	distri-
bution,	respectively.	βEe	and	βCc	are	deviation	parameters	describing	
how	the	mean	of	each	ecosystem	e	and	community	c	differ	from	the	
overall	mean	of	each	campaign	T. γEe	and	γCc	describes	differences	
in	dispersion	between	ecosystem	and	community,	respectivelyy.	βCc 
and	γCc	are	treated	as	hierarchical	parameters,	normally	distributed	
with	 estimated	 variances.	 β1Ee	 and	 γ1Ee	 are	 the	 ecosystem-	specific	
slopes	 describing	 the	 effect	 of	 an	 increase	 in	 one	 species	 on	 the	
mean	and	dispersion	of	 community	 trait	distribution,	 respectively.	
Dc	is	the	species	richness	of	community	c.

To	respond	to	Question	1,	we	compared	four	candidate	mod-
els	and	we	evaluated	their	predictive	ability	to	fit	observed	data.	
The	reference	model,	Mcom0,	described	trait	distributions	of	each	
community	 as	 a	 series	 of	 intercepts.	Mcom1	 included	 a	 slope	 per	
ecosystem	describing	 the	 link	between	species	 richness	and	 the	
mean	of	the	community	trait	distribution,	while	Mcom2	included	a	
slope	 linking	 species	 richness	 to	 trait	dispersion.	Mcom3	 included	
both	slopes,	assuming	 that	biotic	 selection	exhibited	both	direc-
tionality	and	intensity.	If	the	predictive	ability	of	Mcom3	model	was	
better	than	previous	models,	it	would	mean	that	both	directional-
ity	and	 intensity	were	 important	 to	describe	 trait	distribution	at	
community	level.	To	test	the	importance	of	intraspecific	variation	
to	 respond	 to	 the	 richness	 gradient	 and	 initiate	 the	 response	 to	
Q2,	we	refitted	Mcom3	by	replacing	observed	individual	values	by	
mean	 species	 value	 (Mcom3’),	 estimated	 from	 a	model	 containing	

(1)densc =
1
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    |  5 of 15DESCHAMPS et al.

an	 intercept	 for	 each	 campaign	 and	 a	 hierarchical	 intercept	 per	
species,	 distributed	normally	with	 estimated	 standard	deviation.	
By	 removing	 intraspecific	 trait	 variation,	we	 tested	whether	 the	
response	of	community	trait	distributions	were	only	due	to	varia-
tion	in	species	abundance.

2.4.3  |  Selection	by	plant	species	richness	within	
species	(Q2)

We	explored	the	role	of	 intraspecific	variation	to	respond	to	plant	
species	richness	by	using	a	subset	of	species,	which	occurred	within	
a	minimum	of	four	communities	and	at	both	extremities	of	the	spe-
cies	 richness	gradient	of	 their	ecosystem.	Eleven	species	were	se-
lected	across	ecosystems	(n =	1045).	The	most	complex	hierarchical	
model	determined	both	mean	and	dispersion	as	a	function	of	inter-
cepts	and	species	richness,	with	equations	for	μ	and	σ	(or ϕ):

with βSs	and	γSs	being	species-	specific	deviation	parameters	for	mean	
and	dispersion,	and	β1Ss	and	γ1Ss	species-	specific	slopes	between	spe-
cies	 richness	and	mean	and	dispersion,	 respectively.	They	are	all	hi-
erarchical	 parameters	 distributed	 multinormally	 with	 an	 estimated	
covariance	matrix.	The	reference	model,	Msp0,	contained	a	slope	per	
ecosystem	linking	both	species	mean	and	dispersion	to	species	rich-
ness.	Msp1	included	a	slope	per	ecosystem	for	dispersion,	but	a	slope	
per	species	linking	species	richness	to	species	mean	trait	values,	while	
Msp2	included	the	opposite	syndrome.	Msp3	allowed	mean	and	disper-
sion	of	each	species	to	move	idiosyncratically	with	the	number	of	spe-
cies	with	which	they	grow.	If	the	predictive	ability	of	Msp3	model	was	
better	 than	previous	models,	 it	would	mean	 that	both	directionality	
and	intensity	were	important	to	describe	trait	distribution	at	the	spe-
cies level.

2.4.4  |  Jack-	of-	all-	trades/Master-	of-	some	
strategies	(Q3)

To	 explore	 which	 species	 exhibit	 Jack- of- all- trades	 and	Master- 
of- some	 strategies	 in	 response	to	species	 richness	 (Figure 1),	we	
summarized	for	each	species	in	a	given	community	its	intraspecific	
variation	 in	 traits	 and	 density,	 consistent	 with	 the	 framework	
presented	 by	 Richards	 et	 al.	 (2006).	 Given	 the	 importance	 of	
vegetative	 reproduction	 in	 wetlands	 (7.9%	 of	 our	 individuals	
were	 harvested	 with	 flower	 or	 fruits	 and	 most	 species	 have	
underground	vegetative	buds),	we	considered	density	(individuals	
per	 m2)	 as	 a	 good	 proxy	 of	 species	 demographic	 performance.	
As	 such,	 a	 population	 with	 high	 density	 will	 have	 lower	 risk	 of	

mortality	and	greater	capacity	for	reproduction,	compared	with	a	
low-	density	population	(Santamaria	et	al.,	2003).

To	explore	responses	of	species	density	along	the	plant	species	
richness	gradient,	we	used	a	comparable	model	of	Msp3,	with	yi	being	
species	density.	We	interpreted	the	species	strategy	as	Jack- of- all- 
trades,	whenever	mean	slope	of	the	density	model	did	not	show	sub-
stantial	variation.	Then,	we	explored	whether	trait	variation	showed	
consistency,	either	for	mean	and	dispersion	or	for	trait	 identity.	 In	
contrast,	the	Master- of- some	strategy	represented	species	that	sub-
stantially	increased	their	density	in	low	diversity	communities,	with	
or	without	detected	trait	variation.	Then,	we	explored	whether	each	
strategy	displayed	substantial	covariations	between	trait	slopes	(for	
mean	and	dispersion)	and	density	slope	for	mean	at	species	level.

2.4.5  |  Bayesian	modeling	details

The	 Bayesian	 distributional	 modeling	 framework	 allows	 modeling	
each	parameter	of	a	given	probability	trait	distribution	with	an	 in-
dependent	equation	(see	Appendix	S1).	As	such,	we	quantified	the	
independent	 role	 of	 the	mean	 and	 dispersion	 on	 trait	 variation	 at	
ecosystem,	 community,	 and	 species	 levels	 (Figures S4–	S19).	 It	 is	
not	 appropriate	 to	 use	 a	 generalized	 linear	 model	 framework	 for	
our	purpose	as	 it	relies	on	a	fixed	dispersion	assumption	(Cepeda-	
Cuervo,	2015;	Smyth,	1989).	We	considered	that	parameters	show	
substantial	response	to	species	richness	whenever	the	90%	credible	
interval	of	their	standardized	estimate	did	not	 include	1.	Posterior	
distributions	of	parameters	have	been	 sampled	by	 four	 independ-
ent	chains	using	the	No- U- Turn Sampler	implemented	in	the	R	pack-
age	brms	(Bürkner,	2017).	We	visually	examined	all	chains,	posterior	
distributions,	and	posterior-	predictive	checks	 to	ensure	 the	model	
accuracy,	to	avoid	divergent	iterations	and	to	ensure	chain	conver-
gence	(Figures S20–	S47).	Model	performance	was	evaluated	by	the	
mean	 of	weights	 based	 on	 the	 stacking	 of	 predictive	 distribution,	
with	 a	model	 providing	better	 predictions	of	 future	data	having	 a	
higher	weight.	We	estimated	model	weights	to	maximize	leave-	one-	
out	predictive	density	of	a	complete	model	containing	all	submodels.	
This	method	 is	 the	 least	 sensitive	 to	overfitting	 in	Bayesian	mod-
eling,	 and	 includes	uncertainty	 about	 every	model	 during	weights	
estimation	(Yao	et	al.,	2017).

3  |  RESULTS

3.1  |  Community trait distribution response 
between ecosystems

We	observed	strong	functional	differences	and	turnover	of	spe-
cies	 between	 each	 wetland	 (Figure 2).	 Mean	 and	 dispersion	 of	
traits	 (βEe	 and	 γEe,	 respectively,	 in	 Equation 1)	 related	 to	 space	
filling	 and	 light	 acquisition	 (EL	 and	 LA)	 increased	monotonically	
along	the	soil	pH	gradient,	while	the	mean	of	traits	related	to	nu-
trient	 conservation	 (LDMC	 and	 flavonoids)	 decreased	 (Figure 2 
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6 of 15  |     DESCHAMPS et al.

and	Figures S6,	S7,	S11,	and	S12).	Leaf	angle,	SLA,	and	chlorophyll	
content	 varied	 between	 ecosystems,	 but	 did	 not	 show	 a	mono-
tonic	 ordered	 pattern	 in	mean	 and	 dispersion	 along	 the	 soil	 pH	
gradient	(Figures S8–	S10).

3.2  |  Community trait distribution response 
within ecosystems

Local	 gradient	 of	 species	 richness	 observed	 within	 ecosystem	
strongly	shaped	the	functional	 trait	distribution	of	 local	communi-
ties.	 Including	 the	 species	 richness	 of	 the	 community	 (and	 its	 as-
sociated	 parameters,	β1Ee	 and	 γ1Ee	 in	 Equations 2–	4)	 improved	 the	
fit	of	the	models	for	all	traits	(Table 1).	Mcom0	was	always	the	least	
supported	model.	For	all	traits	except	chlorophyll,	Mcom3	was	always	
better	 supported	 than	Mcom1	 and	Mcom2,	which	 indicated	 that	 the	
inclusion	of	both	mean	and	dispersion	parameters	improved	the	fit	

of	 the	models	 (Table 1).	 Finally,	 for	 all	 traits	 except	 LDMC,	 exclu-
sion	of	 the	 intraspecific	variation	 in	 trait	values	 reduced	 the	 fit	of	
the	models	(Table 1).	Without	intraspecific	variation,	the	slopes	be-
tween	species	 richness	and	trait	mean	or	dispersion	were	consist-
ently	underestimated	(Figure 3),	which	indicated	the	need	to	include	
trait	selection	operating	at	the	species	level.	Together,	these	results	
indicate	that	trait–	environment	relationships	within	ecosystems	are	
better	predicted	by	considering	(i)	local	variation	in	species	richness,	
(ii)	the	selection	directionality	and	dispersion,	and	(iii)	the	observed	
intraspecific	variation.

The	 effect	 of	 plant	 species	 richness	 was	 trait-	specific	
(Figures 3,	4	 and	Figures S6–	S12).	 The	mean	of	 traits	 related	 to	
vertical	space	 (Angle	and	EL)	and	fine-	scale	 light	utilization	 (SLA	
and	 chlorophyll)	 responded	 to	 species	 richness,	 suggesting	 a	 di-
rectional	selection	toward	particular	values,	whereas	no	substan-
tial	 trends	were	detected	 for	 LA,	 LDMC,	 and	 flavonoid	 content.	
More	 diverse	 communities	 were	 dominated	 by	 individuals	 with	

F I G U R E  2 Differences	between	ecosystems	in	term	of	species	and	functional	traits.	Panel	(a)	represents	a	principal	component	analysis	
of	Hellinger	transformed	species	density.	Lines	represents	90%	ellipses	capturing	90%	of	the	points.	Panels	(b–	d)	represent	observed	trait	
values	with	predictions	of	the	model	containing	an	intercept	per	ecosystem	for	both	mean	and	dispersion.	Lines	represent	mean	predicted	
value.	Shaded	areas	represent	90%	predictive	interval	of	community	trait	distribution.	Panels	(b,	c)	represent	mean	Leaf	Dry	Matter	Content	
(LDMC)	and	both	Leaf	Area	(LA)	mean	and	dispersion	varying	monotonically	between	ecosystems.	Panel	(d)	represents	an	absence	of	
between-	ecosystem	monotonic	variation	for	chlorophyll	content	per	unit	area	of	leaves.	Red cross =	bog,	yellow square =	fen,	light green 
triangles =	wet	meadow,	dark green dots =	fluvial	marsh.
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    |  7 of 15DESCHAMPS et al.

more	erect,	longer,	and	thinner	leaves	but	with	lower	chlorophyll	
content	 than	 individuals	 in	 less	diverse	 communities.	 This	 result	
held	 in	 all	 ecosystems,	 except	 for	wet	meadows,	where	 only	 EL	
and	 chlorophyll	 traits	 followed	 the	 same	 patterns.	 We	 did	 not	
observe	directional	selection	of	traits	related	to	resource	conser-
vation	strategy	within	ecosystems	(LDMC	and	flavonoids),	which	
differed	from	the	selection	that	occurred	between	ecosystems	on	
these	particular	traits.	We	also	showed	that	species	richness	 led	
to	 higher	 dispersion	 of	 trait	 values	 for	 all	 traits	 including	 those	
related	to	vertical	space	filling,	fine-	scale	light	utilization,	and	re-
source	conservation	(Figures 3,	4	and	Figures S6–	S12).	More	spe-
cifically,	communities	that	are	more	diverse	exhibited	greater	trait	
variation	among	individuals.

3.3  |  Species trait distribution response within 
ecosystems (Q3)

Within	species,	selection	occurred	along	the	gradient	of	plant	spe-
cies	richness	with	a	response	of	both	the	mean	and	the	dispersion	
for	EL,	LA,	and	SLA	(β1S,	γ1S	in	Table 1,	Species	level)	and	the	mean	
for	 chlorophyll,	whereas	mean	and	dispersion	of	other	 traits	did	
not	 respond.	 Table 2	 and	 Figure 5	 show	 that	 species	 responses	
of	trait	distribution	to	species	richness	were	idiosyncratic,	that	is,	
mean	 and	 dispersion	 of	 EL,	 LA,	 and	 SLA	 either	 substantially	 in-
creased	or	decreased	according	 to	 species	 (see	Figures S13–	S19 
for	details).

We	 detected	 two	 contrasting	 species-	level	 responses	 to	 the	
plant	species	 richness	gradient.	The	Jack- of- all- trades	 strategy	was	
found	 in	 species	 with	 fixed	 or	 slightly	 increasing	 median	 relative	
density	along	the	richness	gradient,	but	with	contrasting	trait	distri-
butions	(Figure 5	and	Table 2).	This	occurred	both	on	mean	and	on	
dispersion	of	 traits	 related	 to	 light	and	space	acquisition,	with	 the	
best	out-	of-	sample	predictions	of	EL,	LA,	and	SLA	provided	by	the	
model	with	species-	specific	slopes	within	each	ecosystem	(Table 1).	
For	example,	Typha latifolia	exhibited	lower	and	less	variable	LA	in	
richer	fluvial	marsh	communities,	with	a	median	leaf	area	of	73.9 cm2 
(±45.4,	Table S1)	in	a	less	diverse	community	and	56.8	(±30.1)	cm2 
when	 growing	 in	 a	more	 diverse	 community	 (Figure 5).	 However,	
in	the	wet	meadow,	Lythrum salicaria	 trait	mean	and	dispersion,	as	
well	as	density,	did	not	change	along	the	richness	gradient	(Table 2 
and	Figure 5).	Conversely,	Master- of- some	strategists	were	detected	
when	 species	were	 highly	 dense	 in	 less	 diverse	 communities,	 but	
were	 less	dense	 in	more	diverse	communities.	For	example,	 in	the	
fen,	 there	was	on	average	640	 (±70)	Carex oligosperma	 individuals	
per	m2	 in	poor	communities,	and	66	(±4.4)	 individuals	in	highly	di-
verse	communities.	Species	showing	such	a	density	response	tended	
to	present	more	dispersed	distributions	of	leaf	angle	(probability	of	
0.60 ± 0.06)	but	less	dispersed	distributions	of	LDMC	(probability	of	
0.70 ± 0.06)	(Figure 6).

Figure 6	shows	that	the	ability	of	species	to	maintain	the	popu-
lation	density	along	the	plant	species	richness	gradient	was	related	
to	 the	 dispersion	 of	 species	 trait	 distribution,	 whereas	 there	 was	
no	substantial	covariation	with	the	mean	 (data	not	shown).	As	the	

TA B L E  1 Stacking	weights	of	competing	models	describing	the	relationships	between	trait	variation	(directionality	and	intensity)	and	
species	richness	at	community	and	species	levels.	Stacking	weights	varies	from	0	to	1,	0	indicating	null	probability	that	the	model	can	
represent	trait	variation	and	1	indicating	a	complete	representability.

Model Param. Selection Angle EL LA SLA Chlo LDMC Flav

Community	level

Mcom0 Int. None 0.45 0.01 0.09 0.03 0.05 0 0.03

Mcom1 β1E Directionality 0 0 0.20 0 0.84 0 0

Mcom2 γ1E Intensity 0.09 0.01 0 0.13 0 0.17 0.07

Mcom3 β1E,	γ1E Both 0.47 0.98 0.71 0.83 0.11 0.79 0.86

Mcom3’ no	ITV Both,	no	ITV 0 0 0 0 0 0.04 0.04

Species	level

Msp0 β1E,	γ1E None 0.60 0.32 0.23 0.30 0.31 0.80 0.55

Msp1 β1S,	γ1E Directionality 0 0 0 0 0.69 0 0

Msp2 β1E,	γ1S Intensity 0 0 0 0.08 0 0 0

Msp3 β1S,	γ1S Both 0.36 0.68 0.77 0.62 0 0.20 0.45

Note: Community level	(Mcom models):	Mcom0	contained	only	intercepts	for	campaign,	ecosystem,	and	community	(the	last	two	considered	as	a	
hierarchical	parameter	with	estimated	variance).	Mcom1	and	Mcom2	estimated	a	slope	per	ecosystem	between	species	richness	and	mean	and	
dispersion	of	trait	distribution,	respectively.	Mcom3	estimated	the	ecosystem-	specific	slopes	for	both	mean	and	dispersion,	considering	intraspecific	
trait	variation	(ITV)	between	individuals	and	campaign.	Mcom3’	was	based	on	Mcom3	but	did	not	consider	ITV.	Species level	(Msp	models):	Msp0	is	a	
model	containing	categorical	effects	and	a	slope	per	ecosystem	linking	species	richness	to	traits	mean	and	richness	of	each	frequent	species	within	
each	ecosystem.	In	Msp1,	trait	mean	is	modeled	with	a	slope	per	species	and	dispersion	per	ecosystem,	while	Msp2	contained	the	opposite	syndrome.	
Finally,	Msp3	contains	slopes	per	species	for	both	mean	and	dispersion.	Parameters	β	and	ɣ	represent	slopes	between	species	richness	and	mean	
and	dispersion	of	trait	distribution,	respectively.	Indices	E	and	S	mean	that	the	slopes	were	estimated	for	each	ecosystem	or	for	each	species,	
respectively.	For	each	trait	and	at	each	biological	organisation	level,	bold	value	indicates	the	best	competing	model	to	predict	trait	variation.
Abbreviations:	Angle,	leaf	angle;	Chlo,	leaf	chlorophyll	content;	EL,	extended	length;	Flav,	leaf	flavonoid	content;	LA,	leaf	area;	LDMC,	leaf	dry	matter	
content;	SLA,	specific	leaf	area.
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8 of 15  |     DESCHAMPS et al.

dispersion	of	traits	increased	within	the	population,	the	stronger	the	
negative	relationship	between	population	density	and	plant	species	
richness	 (Pearson	 correlation	 coefficient	 ρ =	 −0.69	 for	 Angle	 and	
ρ =	−0.71	for	LDMC).

4  |  DISCUSSION

We	 show	 in- natura	 that	 within-	ecosystem	 trait	 variations	 can	 be	
strongly	and	consistently	structured	by	species	richness	and	biotic	in-
teractions.	We	detected	differences	 in	the	distribution	of	 functional	
traits	along	a	gradient	of	plant	species	richness	in	four	contrasting	wet-
lands.	Our	study	reveals	that	multiple	filters	are	detectable	at	different	
levels	of	biological	organization	and	are	acting	concomitantly	to	shape	
the	distribution	of	traits	along	environmental	gradients.	This	supports	
recent	studies	showing	that	the	drivers	of	trait	variations	may	differ	

within	and	between	species	(e.g.,	Anderegg	et	al.,	2018),	or	while	sam-
pling	at	different	spatial	scales	(Messier	et	al.,	2017).

4.1  |  Species turnover drove selection to soil 
fertility between ecosystems

Between	ecosystems,	selection	following	a	complete	species	turn-
over	occurred	on	both	the	directionality	and	intensity	of	the	dis-
tribution	of	traits	related	to	space	occupation	(EL	and	LA)	and	to	
nutrient	conservation	(LDMC	and	flavonoid	content).	The	increase	
in	 space	occupation	and	decrease	 in	nutrient	 conservation	char-
acterized	the	directionality	from	less	to	more	fertile	ecosystems,	
respectively.	Selection	intensity	showed	an	opposite	pattern,	trait	
dispersion	 of	 EL,	 LA,	 and	 flavonoid	 increasing	 along	 the	 fertil-
ity	gradient.	Both	selection	directionality	and	 intensity	on	 these	

F I G U R E  3 Examples	of	response	of	community	trait	distribution	to	within-	ecosystem	species	richness	gradient.	Panels	a-	d	represents	the	
response	of	Extended	Length,	Specific	Leaf	Area,	Leaf	Dry	matter	Content	and	Leaf	Chlorophyll	Content	to	species	richness,	respectively.	
Panels	a	and	c	represent	examples	of	selection	directionality	and	intensity	in	bog	wetlands,	respectively,	while	panels	b	and	d	represent	
examples	of	positive	and	negative	selection	directionality	in	marsh	and	meadow	wetlands,	respectively.	Solid	lines	represents	mean	
predicted	values	based	on	observed	data	(considering	intraspecific	trait	variation,	ITV,	Mcom3	in	Table 1),	while	dashed	lines	represents	mean	
predicted	values	of	models	fitted	using	species	mean	values	(without	ITV	Mcom3’	in	Table 1).	Gray	and	blue	shaded	area	represents	90%	
predictive	interval	of	community	trait	distribution	with	and	without	ITV,	respectively.	Red cross =	bog,	light green triangles =	wet	meadow,	
dark green dots =	fluvial	marsh.
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traits	 are	 consistent	 with	 known	 functional	 trade-	offs	 between	
nutrient	conservation	and	growth	along	fertility	gradients	 (Jager	
et	al.,	2015),	where	plants	selected	in	the	more	fertile	ecosystems	
are	 those	with	 the	 lowest	 investment	 in	 leaf	 longevity	 but	with	
the	 greatest	 ability	 to	 compete	 for	 space	 (Grime,	 1977;	Wright	
et	al.,	2004).

While	an	almost	complete	turnover	of	species	drove	differences	
between	 ecosystems,	 SLA	 and	 fine-	scale	 light	 acquisition	 traits	
(chlorophyll	content	and	 leaf	angle)	did	not	show	clear	patterns	of	
selection	directionality	and	 intensity	along	 the	pH	gradient.	Using	
a	hierarchical	modeling	structure,	we	were	able	to	show	that	these	
traits	nevertheless	responded	to	the	gradient	of	plant	species	rich-
ness	within	ecosystems.

4.2  |  Within ecosystems, species richness 
modified the directionality and intensity of selection

Within	wetlands,	the	species	richness	gradient	selected	individuals	
from	 a	 common	 species	 pool,	 by	 changing	 both	 the	 directionality	
and	 the	 intensity	of	 the	 trait	distribution	 (Figures 3	 and	4).	For	all	
traits,	 selection	 intensity	 decreased	 with	 increasing	 plant	 species	

richness,	 revealing	 a	 divergence	 of	 individuals	 toward	 more	 het-
erogeneous	leaves	when	communities	are	more	diverse.	This	char-
acteristic	has	 likewise	been	described	 in	 temperate	grasslands	 (Le	
Bagousse-	Pinguet	et	al.,	2014,	2015).

With	 increasing	 species	 richness,	 individuals	 were,	 on	 aver-
age,	more	erect,	 taller	and	exhibited	 lower	chlorophyll-	investment	
in	 leaves.	Such	responses	 likely	 result	 from	the	well-	known	trade-	
off	 in	 resource	 allocation	 to	 adapt	 to	 light	 conditions:	 Gommers	
et	al.	(2013)	contrast	species	using	strategy	of	shade	tolerance	(in-
creasing	light	capture	with	high	SLA	but	low	chlorophyll)	to	species	
using	a	strategy	of	shade	avoidance	(increasing	 light	use	with	high	
chlorophyll	 and	 low	 SLA).	 Following	 this	 shade	 tolerance/avoid-
ance	framework,	shade	tolerance	strategy	would	be	selected	within	
communities	 that	 are	more	 diverse.	We	 also	 observed	 that	 those	
communities	 are	 particularly	 more	 erect	 and	 taller,	 a	 hyponastic	
syndrome	that	occurs	to	adapt	to	 lower	 light	conditions	(Millenaar	
et	 al.,	2009).	Whereas	 selection	 for	 light	 structures	plant	 commu-
nities	 in	 nutrient-	rich	 environments	 (e.g.,	 Maire	 et	 al.,	 2012),	 this	
process	has	rarely	been	highlighted	in	resource-	poor	environments	
(but	see	Wiktor	&	van	Diggelen,	2004).	Selection	directionality	and	
intensity	of	 space-		 and	 light-	related	 traits	was	 the	primary	 conse-
quence	of	response	to	species	richness	gradient.

F I G U R E  4 Summary	of	estimated	community	trait	distribution	in	response	to	plant	species	richness	(Mcom3	model	in	Table 1).	
Directionality	represents	the	mean	of	the	distribution	(μ	in	Equation 2),	while	intensity	represents	its	dispersion	(σ	for	gamma	distribution	
in	Equation 2)	or	its	precision	(ϕ	for	the	particular	beta	distribution	of	LDMC	in	Equation 2).	We	displayed	90%	credible	intervals	of	
exponentiated	slopes	(parameter	β1E	for	μ	and	parameter	γ1E	for	σ	and	ϕ	in	Equations 2–	4).	The	value	is	interpreted	as	a	multiplicative	term	
of	trait	mean	or	dispersion	when	the	community	include	one	more	species.	Negative	directionality	between	species	diversity	and	a	given	
trait	is	characterized	by	mean < 1,	whereas	mean > 1	characterized	positive	directionality.	Higher	selection	intensity	in	response	to	species	
richness	is	characterized	by	dispersion	value	<1,	whereas	lower	selection	intensity	by	values	>1.	When	interval	includes	1,	no	trend	of	
directionality	or	intensity	is	detected.	The	precision	parameter	ϕ	for	the	particular	beta	distribution	of	LDMC	was	modified	to	be	interpreted	
likewise	the	parameter	σ	for	gamma	distribution.	Overall	represents	the	global	mean	response	across	the	data	set.	Predictions	are	available	
in	Table S2	and	Figures S5–	S11.	Angle,	leaf	angle;	Chlo,	leaf	chlorophyll	content;	EL,	extended	length;	Flav,	leaf	flavonoid	content;	LA,	leaf	
area;	LDMC,	leaf	dry	matter	content;	SLA,	specific	leaf	area.
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10 of 15  |     DESCHAMPS et al.

We	also	 show	 that	more	diverse	 communities	had	 leaves	with	
higher	SLA	and	more	dispersed	values	in	SLA,	LDMC,	and	flavonoids	
than	in	less	diverse	ones.	This	reveals	that	species	richness	selects	for	
communities	with	higher	resource	acquisition	rate	and	more	diverse	
resource	acquisition	strategy	(Wright	et	al.,	2004).	These	responses	
were	observed	in	diversity	experiments	in	grassland	and	forest	eco-
systems	(Davrinche	&	Haider,	2021;	Siebenkäs	et	al.,	2017)	and	was	
interpreted	 as	 a	 limiting	 similarity	 process	 enhancing	 complemen-
tarity	 in	 light	and	nutrient	resources	(Gubsch	et	al.,	2011;	McKane	
et	al.,	2002).	On	the	opposite,	in	communities	that	were	less	diverse,	
dominant	 individuals	 converge	 toward	 graminoid-	like	 species	with	
high	 nutrient	 conservation	 (e.g.,	Typha	 in	 nutrient-	rich	 ecosystem,	
Eriophorum	and	Carex	 in	nutrient-	poor	ecosystem).	While	respond-
ing	 mainly	 to	 the	 abiotic	 gradient	 across	 ecosystems,	 LDMC	 and	
flavonoid	 also	 showed	 a	 biotic	 selection,	which	was	more	 intense	
in	 less	diverse	communities,	 and	particularly	 in	acidic	ecosystems.	
While	 the	 statistical	 dispersion	 of	 LDMC	and	 flavonoid	 values	 in-
creased	with	species	richness	in	more	acidic	ecosystems,	the	mean	

did	not	change.	This	suggests	that	convergence	toward	conservative	
strategy	in	less	diverse	communities	operated	through	competitive	
exclusion	or	 limiting-	similarity	processes	rather	than	through	com-
petitive	hierarchy,	which	 is	more	associated	with	directional	selec-
tion.	Of	special	note,	it	would	have	not	been	possible	to	detect	this	
within-	ecosystem	pattern	on	LDMC	and	flavonoid	without	a	statis-
tical	model	including	the	hierarchy	between	ecosystem	and	commu-
nity	levels	and	considering	both	the	mean	and	the	dispersion	of	trait	
distributions.

4.3  |  Within species, intraspecific trait variation 
respond to plant species richness

Within	species,	functional	responses	to	the	species	richness	gra-
dient	 were	 observed	 through	 the	 adjustment	 of	 both	 the	mean	
and	the	dispersion	of	trait	values.	As	such,	selection	directionality	
and,	particularly,	 intensity	occurred	also	within	species,	but	on	a	

TA B L E  2 Summary	of	estimated	species	slopes	in	the	relationships	of	plant	functional	and	demographic	traits	with	plant	species	richness.

Ecosyst. Species Para. Angle EL LA SLA Chlo LDMC Flav Density Strategy

Bog Chamaedaphne 
calyculata

μ 0 0 + 0 0 0 0 Stable Jack

σ/ϕ 0 + + 0 0 0 0

Eriophorum 
virginicum

μ 0 0 0 - 0 0 0 Decrease Master

σ/ϕ 0 0 0 + 0 0 0

Fen Carex lasiocarpa μ 0 0 0 0 0 0 0 Stable Jack

σ/ϕ 0 - 0 - 0 0 0

Carex oligosperma μ 0 0 0 0 0 0 0 Decrease Master

σ/ϕ + 0 + + - - 0

Carex sect. 
Phacocystis

μ 0 0 - 0 0 0 0 Decrease Master

σ/ϕ + 0 0 + - - 0

Meadow Acorus calamus μ 0 0 + 0 0 0 0 Decrease Master

σ/ϕ 0 + 0 0 0 0 0

Lythrum salicaria μ 0 0 0 0 0 0 0 Stable Jack

σ/ϕ 0 0 0 0 0 0 0

Marsh Acorus calamus μ 0 0 0 0 0 0 0 Decrease Master

σ/ϕ + + 0 0 0 0 0

Comarum palustre μ 0 0 + 0 0 0 0 Stable Jack

σ/ϕ 0 0 0 0 0 0 0

Lythrum salicaria μ 0 0 - 0 0 0 0 Stable Jack

σ/ϕ 0 + + 0 0 0 0

Thypha latifolia μ 0 0 - 0 0 0 0 Stable Jack

σ/ϕ 0 0 - 0 0 0 0

Note:	Parameters	were	recovered	from	the	best	model	for	each	trait,	presented	in	Table 1	for	species	level	(parameter	β1E	for	μ	and	parameter	γ1E 
for	σ	and	ϕ	in	Equations 5–	7).	For	sake	of	clarity,	we	resumed	slopes	by	symbols	representing	their	sign	(see	Table S3	for	details	and	Figures S12–	
S18	for	visual	representation).	We	considered	the	inclusion	of	one	in	the	90%	credible	interval	of	parameters	to	attribute	a	sign,	otherwise	zero	is	
represented.	For	each	trait,	symbols	blue	‘+’	and	red	‘–	’	represented	substantial	positive	and	negative,	respectively,	variation	in	mean	trait	value	(μ)	
and	dispersion	(σ,	ϕ)	in	response	to	variation	in	plant	species	richness	within	the	community.	For	the	density,	“decrease”	represented	substantial	
variation	of	species	mean	relative	density	with	species	richness,	while	“stable”	indicated	no	substantial	variation.	A	species	is	considered	as	a	Master- 
of- some	strategist	whenever	its	density	decreases	with	or	without	presence	of	intraspecific	trait	variation	in	response	to	plant	species	richness.	In	
contrast,	a	species	is	considered	as	a	Jack- of- all- trades	strategist,	whenever	it	maintains	its	density	and	shows	intraspecific	trait	variation	in	response	
to	species	richness.	See	abbreviations	in	Table 1.
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    |  11 of 15DESCHAMPS et al.

different	dimension	of	plant	 functional	 strategy.	Within	 species,	
selection	 intensity	 was	 particularly	 associated	 with	 EL,	 LA,	 and	
SLA.	This	suggests	that	the	species	richness	gradient	selected	for	
species	able	to	use	intraspecific	trait	variation	to	adapt	to	changes	
in	 space	 and/or	 light	 resources.	 Importantly,	we	 found	 that	 this	
adaptation	at	 the	species	 level	were	 idiosyncratic,	 that	 is,	 it	var-
ied	between	species.	For	example,	Lythrum salicaria	decreased	in	
leaf	area	with	increasing	species	richness,	while	LA	increased	for	
Comarum palustre.	 Idiosyncratic	 responses	at	 species	 level	occur	
usually	along	environmental	gradients	(e.g.,	along	altitudinal	gradi-
ent	in	Umaña	&	Swenson,	2019)	but	is	not	necessarily	the	rule	as	
consistent	behaviors	can	also	be	found	(e.g.,	along	aridity	gradient	
in	Dong	et	al.,	2020).	These	results	suggest	that	species	adjusted	
their	 space	 and	 light	 acquisition	 trait	 in	multiplying	ways	 rather	
using	a	unique	response	to	species	richness	gradient.	Overall,	our	

study	highlights	species	richness	as	a	strong	structuring	driver	of	
trait	 variation	both	 at	 community	 and	 at	 species	 levels	with	dif-
ferent	 species	exhibiting	 contrasting	 strategies	 to	adapt	 to	 their	
neighbors.

4.4  |  Species showed Jack- of- all- trades and 
Master- of- some strategies

Within	 species,	 we	 considered	 intraspecific	 trait	 variation	 in	
response	to	plant	species	richness	in	regard	with	the	demographic	
strategies	 established	 by	 Richards	 et	 al.	 (2006).	 Jack- of- all- trades 
species	 are	 able	 to	 maintain	 high	 demographic	 rates	 across	 a	
gradient	of	environmental	conditions.	Our	result	demonstrate	that	
Jack- of- all- trades	species	(such	as	Typha latifolia	and	Lythrum salicaria)	

F I G U R E  5 Model	predictions	of	
species	morphological	trait	distribution	
(Msp3	model	in	Table 1)	and	demography	
(relative	density)	in	response	to	species	
richness	within	communities.	Predictions	
are	organized	in	two	columns	according	
to	the	two	demographic	strategies	that	
species	deployed	within	ecosystems.	The	
Jack- of- all- trades	strategy	represented	
species	with	stable	relative	density,	
but	with	substantial	trait	variation,	
represented	by	displacement	of	the	
mean	and/or	increase/decrease	in	trait	
distribution.	The	Master- of- some	strategy	
represented	species	that	substantially	
increased	their	relative	abundance	in	low	
diverse	communities,	reaching	dominance.	
Trait	variation	is	not	mandatory	for	
detecting	this	strategy.	Full	line	represents	
the	species	median	trait	value,	while	the	
gray	area	represents	the	90%	predictive	
interval	of	trait	distribution.	Dashed	line	
represents	the	median	predicted	relative	
density	of	each	species.	LA,	Leaf	area	
(cm2);	EL,	Extended	length	(cm);	Density,	
Relative	density	(ind m−2).	Species	are	
Chamaedaphne calyculata,	Eriophorum 
virginicum,	Carex lasiocarpa,	Carex sec. 
phacocystis,	Typha latifolia,	Acorus calamus,	
and	Lythrum salicaria.
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had	little	modification	of	their	trait	distribution	along	the	diversity	
gradient.	The	stability	of	both	density	and	trait	distribution	suggests	
that	 the	 species	 exploit	 the	 same	 resources	 without	 losing	 their	
demographic	advantages.	Therefore,	species	diversity	may	increase	
because	of	the	addition	of	species	with	niche	distant	from	the	Jack- 
of- all- trades	species	(as	suggested	by	the	increased	dispersion	with	
species	richness	in	most	traits).	Conversely,	Master- of- some	strategy	
is	 characterized	by	 species	where	 intraspecific	 variation	 is	 related	
to	demography.	 In	response	to	species	richness,	we	show	that	the	
decrease	 in	 population	 density	 was	 associated	 with	 an	 increased	
dispersion	of	leaf	angle	and	LDMC	values.	This	pattern	suggest	that	
Master- of- some	 individuals	 present	 in	 a	 more	 diverse	 community	
multiplied	the	ways	to	exploit	light	and	nutrient	resources.	Therefore,	
demographic	 advantage	 of	Master- of- some	 species	 may	 decrease	
along	the	diversity	gradient,	freeing	niche	space	for	new	species.

By	 showing	 the	 interactions	 of	 intraspecific	 variation,	 biotic	
selection,	 and	 demographic	 patterns,	we	 highlighted	 the	 role	 that	
selection	for	 individuals	plays	 in	community	assembly.	 In	doing	so,	
the	concepts	underpinning	community	and	population	ecology	are	
brought	 closer	 together.	 Hennion	 et	 al.	 (2016)	 showed	 that	 spe-
cies	 richness	 persistently	 altered	 the	 amine	metabolic	 profile	 of	 a	
grassland	 species.	 Meilhac	 et	 al.	 (2020)	 showed	 that	 coexistence	
of	clonal	species	over	a	short	period	of	time	was	dependent	upon	
both	genotype	selection	and	individual-	level	intraspecific	trait	vari-
ation.	Waterway	et	al.	(2016)	demonstrated	that	competitive	inter-
actions	have	driven	the	historical	diversification	of	coexisting	sedge	
species	 in	 fens.	While	 it	 is	 regularly	 argued	 that	 the	 selection	 of	

individuals	within	a	community	is	of	evolutionary	importance	(Post	
&	 Palkovacs,	2009),	 the	 joint	 study	 of	 population	 and	 community	
levels	is	rarely	combined	in	community	ecology	(Maire	et	al.,	2013; 
Salguero-	Gómez	et	al.,	2018).	Here,	we	show	that	using	a	hierarchi-
cal	approach	along	an	abiotic	and	an	independent	biotic	gradient,	we	
are	able	to	better	understand	how	traits	vary	across	biological	levels.

5  |  CONCLUSION

Disentangling	selection	processes	across	levels	of	biological	organi-
zation	and	considering	a	rich	set	of	traits	representing	different	trait	
space	dimensions	revealed	the	simultaneous	pressures	acting	on	in-
dividuals.	By	focusing	on	individuals,	we	were	able	to	show	that	(1)	
plant	 species	 richness	was	 a	major	 driver	 of	 trait	 selection	within	
community,	 (2)	 species	 adapted	 to	 the	 above	 gradient	 by	 mainly	
modifying	 their	 space	 and	 light	 acquisition	 traits,	 and	 (3)	 trait	 in-
traspecific	variation	was	related	to	demographic	strategies.	Finally,	
our	 study	highlights	 the	 importance	of	 intraspecific	 trait	 variation	
and	individual	selection	for	community	assembly,	revealing	the	po-
tential	evolutionary	consequences	of	local	biotic	gradients.
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