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Abstract
Questions: The disappearance of glaciers threatens biodiversity and the functioning 
of	ecosystems.	Yet,	questions	 remain	about	 the	 response	of	 functional	diversity	 to	
glacier retreat. How does glacier retreat influence functional diversity? How does 
glacier retreat influence the relationship between taxonomic diversity and functional 
diversity? How does glacier retreat impact community mean and intraspecific trait 
variability	(ITV)	of	key	functional	traits?
Location: Four	 retreating	 glacier	 ecosystems	 in	 the	 Italian	 Alps.	 Plant	 communities	
spanning	0	 to	ca	5000 years	on	average	after	glacier	 retreat,	 including	a	 scenario	of	
glacier extinction.
Methods: We	quantified	functional	diversity	analyzing	twelve	plant	traits	associated	
to	 carbon	 and	 nitrogen	 cycling,	 resource	 allocation,	 and	 reproduction	 of	 117	 plant	
species. We addressed how functional diversity changes with glacier retreat and 
taxonomic	diversity	(i.e.,	plant	species	richness).
Results: Plant functional diversity decreases with glacier extinction while increasing 
with species richness. The positive relationship between taxonomic and functional 
diversity becomes flatter, that is, less important, with glacier retreat. We document 
sharp	 changes	 in	 functional	 niche	 position	 and	 breadth	 with	 glacier	 retreat.	 Key	
functional traits associated with carbon cycling and resource allocation change 
substantially with ecological succession triggered by glacier retreat. Traits associated 
to nitrogen cycling show little change. We also found that flowering start shifted 
earlier in the season while flowering period increased with glacier retreat.
Conclusion: Our results demonstrate the pervasive impact of glacier extinction on the 
functioning of plant communities. Changes in functional mean and functional variation 
indicate shifts in niche position and niche breadth which could have implications for 
species adaptation to changing environments.
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1  |  INTRODUC TION

An	 iconic	 symptom	 of	 the	 current	 climate	 crisis	 is	 the	 disappear-
ance	of	glaciers	worldwide	 (Frédéric	et	al.,	2015; Roe et al., 2017; 
Zemp	et	al.,	2019).	The	recent	report	of	the	Intergovernmental	Panel	
on	 Climate	 Change	 (IPCC)	 highlights	 how	 glaciers	 are	 unique	 and	
threatened ecological and human systems whose disappearance is a 
major	reason	for	concern	(IPCC,	2022).	Glaciers	cover	about	10%	of	
terrestrial	land	and	part	of	the	ocean	(Hugonnet	et	al.,	2021).	They	
are	 known	 to	 host	 specialist	 species	 adapted	 to	 the	 unique	 ther-
mal	 and	hydrological	 condition	created	by	glaciers	 (Cauvy-	Fraunié	
& Dangles, 2019).	 Although	 the	 consequences	 of	 glacier	 retreat	
on	 plant	 species	 diversity	 are	 increasingly	 documented	 (Jacobsen	
et al., 2012;	 Cauvy-	Fraunié	 &	 Dangles,	 2019; Stibal et al., 2020; 
Losapio et al., 2021;	Bourquin	et	al.,	2022; Fodelianakis et al., 2022),	
little attention has been paid to how functional diversity would 
respond	 to	 glacier	 extinction	 (Caccianiga	 et	 al.,	 2006; Losapio 
et al., 2021).	It	is	important	and	valuable	to	understand	changes	in	
functional	 diversity	 of	 these	 novel,	 fast-	changing	 glacier	 environ-
ments in order to develop effective solutions for anticipating the 
impact of global warming.

With	 the	 retreat	 of	 glaciers,	 new	 ice-	free	 terrains	 are	 colo-
nized by living organisms, prompting changes in species richness 
and composition over time, a process termed ecological succession 
(Matthews,	 1992; Chapin et al., 1994; Walker & del Moral, 2003; 
Erschbamer et al., 2008; Burga et al., 2010; Erschbamer & 
Caccianiga, 2016).	 Previous	 studies	 indicate	 that	 species	 richness	
increases with glacier retreat in the short term by making space 
for plant colonization and hence initiating primary succession 
(Matthews,	1992; Chapin et al., 1994; Walker & del Moral, 2003; Raffl 
et al., 2006; Ficetola et al., 2021).	However,	this	pattern	of	increasing	
biodiversity holds true only as long as glaciers are still present in the 
landscape	 (Jacobsen	et	 al.,	2012; Erschbamer & Caccianiga, 2016; 
Stibal et al., 2020; Losapio et al., 2021;	Anthelme	et	al.,	2022).	As	
glacier	 foreland	 ecosystems	 comprise	 unique	 habitats	 that	 host	
distinctive	 organisms	 (Erschbamer	 &	 Caccianiga,	 2016;	 Bourquin	
et al., 2022; Fodelianakis et al., 2022),	their	extinction	would	reduce	
biodiversity via both direct changes in environmental conditions and 
indirect	 changes	 in	biotic	 interactions	 (Losapio	 et	 al.,	2021).	 Since	
many	Alpine	glaciers	will	disappear	within	 the	next	 three	decades	
(Zekollari	 et	 al.,	 2019),	we	may	 face	 up	 to	30%	 loss	 in	 species	 di-
versity	 locally	 in	glacial	 ecosystem	 (Jacobsen	et	 al.,	2012; Losapio 
et al., 2021).	Estimates	of	functional	diversity	response	could	help	us	
understand the processes behind the changes in plant community 
composition following glacier retreat. However, to date, no such es-
timates	have	been	made.	Although	habitat	protection	is	important	to	
support biodiversity and functioning in glacier ecosystems, we also 
need to anticipate and predict which species to conserve or which 
communities to restore on a functional basis. Functional diversity 
can	provide	a	process-	based	framework	to	identify	priority	species	
for conservation.

Functional diversity is more informative about ecological pro-
cesses	 compared	 to	 taxonomy	 and	 taxonomic	 diversity	 (Díaz	 &	

Cabido, 2001; Caccianiga et al., 2006;	 Díaz	 et	 al.,	 2016; Losapio 
et al., 2018;	Zanzottera	et	al.,	2020).	Functional	diversity	can	be	ap-
proached by looking at functional traits, which are morphological, 
chemical or phenological features that affect the fitness of organ-
isms	 (Violle	 et	 al.,	 2017).	 The	 combination	of	 traits	within	 species	
defines their functional type and adaptations, and reflects the abi-
otic	 and	 biotic	 environment	 (Díaz	 &	 Cabido,	 2001).	 Furthermore,	
functional traits are also at the basis of ecosystem functioning in 
a	given	environment	 (Reich	et	al.,	2003; Wright et al., 2004; Funk 
et al., 2017; Schleuning et al., 2023).	 One	 of	 the	 main	 causes	 of	
trait differences between species is the surrounding environment 
that filters and selects for specific traits and trait combinations. 
Previous studies addressing the effects of glacier retreat on func-
tional diversity reported sharp changes in trait composition related 
to	seed	dispersal	and	Grime	(Grime,	2001)	strategies	(Erschbamer	&	
Caccianiga, 2016).	Following	the	retreat	of	an	Alpine	glacier	(Rutor	
glacier),	Caccianiga	et	al.	(2006)	reported	a	shift	from	“ruderal,	fast	
growing”	species	with	high	leaf	nitrogen	content	to	“stress-	tolerant”	
(sensu	Grime	(2001))	plants	with	low	N	content.	When	considering	
leaf economic spectrum	traits	(Reich	et	al.,	2003; Wright et al., 2004),	
Losapio	et	al.	(2021)	documented	a	shift	from	pioneer	species	with	
“acquisitive”	strategies	 (high	specific	 leaf	area)	 to	 late-	successional	
species	with	“conservative”	strategies	(low	specific	leaf	area	and	high	
leaf	dry-	matter	content)	along	four	Alpine	glacier	forelands.	Such	a	
trait turnover was accompanied by a shift from facilitative to com-
petitive	 interactions	 among	plants	 (Losapio	 et	 al.,	2021).	 Similarly,	
Greinwald	et	al.	(2021)	reported	changes	in	dispersal	type	and	plant	
height that were consistent between two glaciers with contrasting 
geology.	Yet,	functional	traits	can	vary	substantially	within	species.	
However, these few previous studies addressing the effects of gla-
cier retreat on functional diversity have the limitations of address-
ing a small number of sites or traits while considering trait average 
only. Given these limitations, it remains unknown how functional 
diversity changes with glacier retreat, and to what degree changes 
in functional diversity are mediated by changes in species richness. 
Looking at functional diversity patterns may help us to understand 
the	broader,	functional	consequences	of	glacier	retreat,	how	species	
assemble after glacier retreat and the underlying processes.

Intraspecific	trait	variability	(ITV)	is	often	overlooked	in	commu-
nity ecology, although it may be crucial for understanding key eco-
logical	 processes	 (de	Bello	 et	 al.,	2011;	 Violle	 et	 al.,	2012; Siefert 
et al., 2015;	Losapio	&	Schöb,	2017;	Kitagawa	et	al.,	2022).	The	driv-
ers	of	ITV	range	from	genetic	effects	to	environmental	influence	on	
development	and	phenotypic	plasticity	 (Cornwell	&	Ackerly,	2009; 
Kraft	 et	 al.,	 2014).	 The	 consequences	 of	 ITV	 concern	 conserva-
tion genetics, biodiversity dynamics, and ecosystem functioning 
(Cadotte	et	al.,	2011;	Volf	et	al.,	2016; Losapio et al., 2018; Bongers 
et al., 2021; Carmona et al., 2021).	Notably,	the	higher	the	ITV,	the	
higher	the	niche	breadth	(Schöb	et	al.,	2012).	Hence,	changes	in	ITV	
and	ITV-	based	functional	diversity	can	be	used	to	estimate	changes	
in niche breadth at both species and community level, respectively. 
Nevertheless,	the	effects	of	glacier	retreat	on	ITV	across	plant	com-
munities	 remain	unexplored.	Furthermore,	 the	higher	 the	 ITV,	 the	
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higher	the	potential	for	local	adaptation	(Cornwell	&	Ackerly,	2009; 
Volf	et	al.,	2016).	Species	with	high	ITV	have	higher	chances	to	adapt	
to changing environmental conditions. Likewise, communities with 
high	 ITV-	based	 functional	diversity	are	expected	 to	display	higher	
resilience	and	adaptive	potential.	Species	with	 low	ITV	have	lower	
chances of local adaptation, and can pose higher potential for diver-
sification.	Understanding	changes	in	functional	mean	(i.e.,	niche	po-
sition)	and	functional	dispersion	(i.e.,	niche	breadth)	is	therefore	key	
for encompassing genetic variability, developmental constraints, and 
phenotypic	plasticity	in	conservation	planning	(Roches	et	al.,	2021)	
that aims at adaptation and mitigation of glacier extinction impact 
on ecosystems.

Here,	we	addressed	the	 following	questions:	 (1)	how	does	gla-
cier	retreat	influence	functional	diversity?	(2)	How	does	glacier	re-
treat influence the relationship between taxonomic diversity and 
functional	diversity?	(3)	How	does	glacier	retreat	impact	community	
mean	 and	 ITV	 of	 key	 functional	 traits?	We	 hypothesize	 that	 eco-
logical succession triggered by glacier retreat will drive a decrease 
of functional diversity. We expect a generally positive taxonomic–
functional	diversity	relationship	(Schöb	et	al.,	2012, 2017).	Given	the	
known shift in plant species composition with succession, we hy-
pothesize	that	ITV	increases	for	“acquisitive”	traits	(e.g.	leaf	carbon	
and	nitrogen	content)	while	decreasing	for	“conservative”	traits	(e.g.	
leaf	dry-	matter	content).

2  |  METHODS

2.1  |  Study system

The study was conducted on the foreland of four glacier ecosystem 
sites:	Vedretta	d'Amola	glacier,	Western	Trobio	glacier,	Rutor	glacier,	
and	Vedretta	di	Cedec	glacier	(Losapio	et	al.,	2021).	In	each	foreland,	
we	established	a	transect	of	ca	2 km	from	the	glacier	terminus	(or	gla-
cier	surface	in	the	case	of	Vedretta	d'Amola	debris-	covered	glacier)	
to	 the	 grasslands	 adjacent	 to	 Little	 Ice	Age	 (LIA)	 bmoraines.	 Such	
transect	spans	terrains	from	recently	ice-	free	to	thousands	of	years	
old,	 such	 that	 plant	 communities	 range	 from	0	 (surface	of	 debris-	
covered	 glacier)	 to	 ca	 10,000 years	 after	 glacier	 retreat.	 Terrain	
age	 was	 estimated	 as	 the	 mean	 between	 two	 moraines	 (Losapio	
et al., 2021);	 this	way,	 terrains	outside	 the	LIA	moraines	were	ap-
proximated	 to	 an	 average	of	5000 years	 old.	Along	each	 transect,	
three to seven plots of 25–100 m2 were randomly placed in each 
stage	of	glacier	retreat	(Losapio	et	al.,	2021).	In	particular,	we	placed	
34	plots	at	Vedretta	d'Amola	glacier,	30	plots	at	Western	Trobio	gla-
cier,	59	plots	at	Rutor	glacier,	and	27	plots	at	Vedretta	di	Cedec	gla-
cier; the differences were driven by the heterogeneity and extension 
of the examined glacier ecosystems. In each plot, we surveyed plant 
communities by recording the presence/absence of plant species. 
Overall, n = 117	plant	 species	were	 recorded	and	 further	 analyzed	
across n = 170	plots	in	the	four	sites.

This system represents a gradient of plant community de-
velopment over space and time, that is, primary succession 

(Matthews,	1992; Chapin et al., 1994; Walker & del Moral, 2003).	
Terrains	outside	the	LIA	moraines	can	represent	a	scenario	of	gla-
cier extinction as they are not influenced anymore by the previous 
occurrence	of	the	glacier	(Erschbamer	&	Caccianiga,	2016).	We	refer	
to this scenario as glacier extinction. On the contrary, terrains inside 
the	LIA	moraines	are	still	influenced	by	adjacent	glacier	masses.	We	
refer	to	this	gradient	as	glacier	retreat.	As	the	retreat	of	glaciers	trig-
gers plant colonization and primary succession, the effects of glacier 
retreat on functional diversity are meant to be mainly understood 
as indirect, that is mediated by successional changes in vegetation. 
Yet,	 it	 is	 important	 to	clarify	and	highlight	 the	role	glaciers	play	 in	
shaping	biodiversity	(Erschbamer,	2007).	First,	ecological	succession	
occurs only after glacier retreat, that is, in the presence of retreat-
ing glaciers. Second, once glaciers are extinct, that is in the absence 
of glaciers, ecological succession will no longer be triggered but 
will	terminate	and	vegetation	will	tend	toward	final	stages	(Chapin	
et al., 1994; Erschbamer & Caccianiga, 2016).

2.2  |  Functional diversity analysis

We considered plant traits relevant for plant growth, reproduc-
tion,	 and	 biogeochemical	 functions	 (Hodgson	 et	 al.,	 1999;	 Díaz	
et al., 2016),	namely:	 leaf	carbon	content	 (LCC),	 leaf	nitrogen	con-
tent	(LNC),	carbon-	to-	nitrogen	ratio	(CN),	leaf	area	(LA),	specific	leaf	
area	(SLA),	leaf	fresh	weight	(LFW),	leaf	dry	weight	(LDW),	leaf	dry-	
matter	 content	 (LDMC),	 canopy	 height	 (CAN),	 lateral	 spread	 (LS),	
flowering	start	(FS),	and	flowering	period	(FP).

Traits	 were	 measured	 following	 standard	 protocols	 (Pérez-	
Harguindeguy et al., 2013).	We	sampled	fully	expanded	leaves	from	
the	outer	canopy	of	5–15	individuals	(adult	healthy	plants)	randomly	
selected for each species. Each species was sampled once per site. 
Leaf material was stored at 4°C overnight to obtain full turgidity for 
determination	 of	 LFW	 and	 LA	 (Pérez-	Harguindeguy	 et	 al.,	 2013).	
LA	was	 determined	 using	 a	 digital	 scanner	 and	 the	 software	 Leaf	
Area	Measurement	(LAM	ver.1.3;	University	of	Sheffield,	UK)	(Dalle	
Fratte et al., 2021).	LDW	was	then	determined	following	drying	for	
24 h	at	105°C.	SLA	was	calculated	as	the	ratio	between	LA	and	LDW.	
LDMC	was	calculated	as	the	ratio	between	LDW	and	LFW.	LNC	and	
LCC	were	quantified	from	dried	leaf	material	using	three	randomly	
selected replicates per species and site that were processed with 
a	CHNS-	analyzer	(FlashEA	1112	series	Thermo-	Scientific)	following	
the	method	outlined	by	Dalle	Fratte	et	al.	(2021).	Canopy	height	and	
lateral spread were measured directly in the field. Lateral spread 
values	 were	 then	 categorized	 according	 to	 Hodgson	 et	 al.	 (1999)	
assigning	them	to	one	of	the	six	categories	(i.e.,	1 = short-	lived	and	
non-	spreading	species,	to	6 = widely	creeping	perennial	species	with	
more	 than	79 mm	between	 ramets).	FS	 is	defined	as	 the	month	 in	
which flowers were first produced. FP is the number of months 
from the appearance of the first to the last flowers. We comple-
mented our own original trait measurements with publicly available 
trait	data	(Kattge	et	al.,	2020).	Both	FS	and	FP	were	collected	from	
Aeschimann	et	al.	(2004).
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To investigate changes in functional diversity with glacier re-
treat,	we	first	considered	functional	dispersion	(FDis)	and	functional	
evenness	 (FEve)	 (Mason	et	al.,	2012).	For	 this	analysis,	we	consid-
ered	the	following	traits:	LNC,	LCC,	CN,	LA,	LDW,	LFW,	SLA,	LDMC,	
and	CAN.	FDis	estimates	the	average	differences	among	species	in	
the multidimensional trait space, calculated as the weighted mean 
distance from each and all individual species in the trait space to 
the	 centroid	 (i.e.,	 grand	 mean)	 (Laliberté	 &	 Legendre,	 2010).	 This	
index is important for understanding the multidimensional variance 
of functional traits within plant communities. FEve estimates the 
regularity of functional trait distribution by measuring the degree to 
which plant species differ from each other in the multidimensional 
space	in	terms	of	regularity	and	uniformity	of	trait	values	(Carmona	
et al., 2021).	 It	 indicates	the	variety	of	distinct	ecological	niches	in	
the community and is important for understanding how plant spe-
cies	 may	 interact	 and	 share	 resources	 (Schleuter	 et	 al.,	 2010)	 as	
plant communities develop. These two functional diversity indices 
are also potential indicators of community assembly processes and 
plant	species	coexistence	(Mason	et	al.,	2013).	In	our	study	context,	
they can shed new light on whether plant species are complemen-
tary or redundant in their functions and the degree to which their 
niches overlap or diverge as plant communities develop after glacier 
retreat. Functional diversity indices were measured with the “dbFD” 
function in the FD	R	package	(Laliberté	&	Legendre,	2010).	For	each	
trait,	we	considered	both	trait	average	and	ITV.	Traits	were	then	av-
eraged	for	each	species	over	sites.	To	measure	ITV,	for	each	species,	
we	calculated	the	coefficient	of	variation	(CVk,i)	of	each	trait	as	fol-
lowing: CVk,i =

SEk,i ×
√

nk,i

ki
, where the standard error SE and mean ki 

were taken for each trait k and for each species i.	This	CV	measures	
ITV,	an	often	overlooked	component	of	functional	diversity	analysis.	
These	patterns	in	ITV	indicate	changes	in	niche	breadth	with	glacier	
retreat at the species level.

Finally, we calculated FDis and FEve considering both species 
trait	 average	 (ki)	 and	 ITV	 (CVk,i).	 That	 is,	 ITV	was	 used	 as	 a	 “trait	
value”	itself	to	compute	FDis	and	FEve.	Changes	in	ITV-	based	func-
tional	diversity	provides	a	clue	on	 the	homogeneity	 in	 ITV	among	
species within communities, indicating the degree to which species 
with	 similar	 ITV	 co-	occur	 in	 the	 same	 community.	 Low	 ITV-	based	
FDis	and	FEve	indicate	high	homogeneity	in	ITV,	suggesting	low	dif-
ferentiation in the way species are plastic and can potentially adapt 
to	 environmental	 changes.	 Conversely,	 high	 ITV-	based	 FDis	 and	
FEve indicate a high degree of heterogeneity in the way species dis-
play plasticity. This can indicate a community composed by species 
with different niche breadths and adaptive potential. The rationale 
for	 looking	at	 ITV	 is	that	average	trait	values	describe	 just	one	di-
mension of functional diversity, that is, the first moment, whereas 
CV	encompasses	also	the	deviation	of	traits	from	the	average,	that	
is, the second central moment. This allowed us to look at the de-
gree to which species with similar trait means exhibit similar, higher 
or lower degree of phenotypic plasticity. Likewise, one can look at 
how species with similar intraspecific trait variations display differ-
ent	 trait	means.	High	values	of	FDis	 for	 ITV	 indicates	high	degree	
of dispersion between species with similar trait variation, whereas 

low values indicates high degree of overlap in trait range. Low val-
ues	of	FEve	for	 ITV	indicate	regular	spacing	of	 ITV	while	high	val-
ues indicate high skewness and overlap within and among species. 
This allowed us to address the differences between communities 
in	 terms	 of	 dispersion	 (i.e.,	 niche	 breadth)	 around	 the	 same	mean	
(i.e.,	niche	position)	or	whether	communities	with	similar	dispersion	
exhibit	different	means.	Biologically,	ITV	can	reflect	key	ecological	
processes such as range shift or range expansion and evolutionary 
processes such as the potential of species to adapt to new environ-
ments	(Schöb	et	al.,	2012;	Kraft	et	al.,	2014).	Ultimately,	comparing	
ITV-	based	FDis	and	FEve	among	communities	provides	a	clue	on	the	
degree to which communities differ in their potential for local adap-
tation and diversification with glacier retreat. Measuring FDis and 
FEve	for	ITV	(CVk,i)	allowed	us	to	address	differences	and	regulari-
ties	in	ITV,	as	opposed	to	average	of	traits	only,	expressed	by	plant	
species	within	and	among	communities	(Schöb	et	al.,	2017).

Furthermore, we assessed the impact of glacier retreat on func-
tional	uniqueness	of	plant	species,	which	assess	how	unique	is	a	trait	
in	a	given	community.	Functional	uniqueness	was	calculated	starting	
from	functional	redundancy	(Violle	et	al.,	2007; Ricotta et al., 2016).	
Functional redundancy indicates the degree to which functional 
traits are expressed by different species, or in other words whether 
species express similar or overlapping traits. The higher the redun-
dancy the more stable is an ecosystem and the less vulnerable it 
to	species	 loss	 (Ricotta	et	al.,	2016).	Yet,	 the	higher	the	functional	
uniqueness	the	higher	its	conservation	value.	We	adopted	a	frame-
work based on functional dissimilarities among species for summa-
rizing	different	facets	of	functional	redundancy	(Ricotta	et	al.,	2016).	
This index was computed for trait average ki only. We first calculated 
the pairwise trait distance for all traits k between each pair of spe-
cies i and j at each site. We used the Gower dissimilarity function 
“gowdis” in the FD	 R	 package	 (Laliberté	&	 Legendre,	2010)	which	
first converts the trait matrix composed of i species in rows and k 
traits	in	columns	into	a	square	distance	matrix	with	plant	species	 i, 
j in rows and columns. Then, it calculates dissimilarity coefficients s 
between each species pair i–j as skji = 1 −

∣ xki − xkj ∣

xk.max − xk.min

, where xki and 
xkj are the trait values for each pair of species i and j, respectively, 
and xk.max and xk.min are the maximum and minimum values of each 
trait k,	respectively.	A	distance	matrix	was	created	for	each	site	sep-
arately.	Then,	we	quantified	the	uniqueness	of	species	mean	traits	
by	addressing	the	degree	to	which	a	community	is	unique	as	com-
pared to a scenario where all species would be maximally dissimilar 
(Ricotta	et	al.,	2016).	This	was	accomplished	by	crossing	the	species-	
by-	species	 distance	 matrix	 with	 the	 species-	by-	plot	 occurrence	
matrix, that is subsetting skji for species i, j occurring in each plot. 
We	then	calculate	functional	uniqueness	for	each	plot	at	each	site	
as U∗ =

1−D

1−Q
, where D and Q are the Gini–Simpson diversity index 

and	Rao	quadratic	diversity	index,	respectively	(Ricotta	et	al.,	2016; 
Pavoine, 2020).	For	computing	functional	uniqueness	we	used	the	
“uniqueness”	function	of	the	adiv	R	package	(Pavoine,	2020).

Finally,	we	investigated	trait	average	and	ITV	for	each	individual	
trait separately at the community level. For each plot, we computed 
the	observed	trends	in	trait	average	(i.e.,	community	mean)	and	ITV	
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for	the	following	traits:	LNC,	LCC,	CN,	CAN,	SLA,	LDMC,	LA,	LDW,	
LFW, FS, FP, and LS. We did so by means of the “functcomp” func-
tion of the FD	R	package	(Laliberté	&	Legendre,	2010).

We	 used	 linear	 mixed-	effects	 models	 to	 analyze	 the	 relation-
ship between functional diversity and glacier retreat. The model 
was implemented using the “lmer” function in the lme4 R package 
(Bates	et	al.,	2015).	The	response	variables	were	FDis	and	FEve	of	
trait	 average	 and	 trait	 variation	 (four	 separate	models)	 as	 well	 as	
functional	uniquenness	 (U*);	 the	predictors	 included	 the	quadratic	
effect	of	years	since	glacier	retreat	(log-	transformed),	taxonomic	di-
versity	 (plant	species	 richness),	and	the	 interaction	between	years	
and richness; sites were considered as a random intercept. To eval-
uate the model output, we used the “anova” function of the car R 
package	to	perform	an	analysis	of	variance	 (ANOVA)	on	the	fitted	
model	(Fox	&	Weisser,	2019).	We	provided	estimates	of	the	model	
parameters and their corresponding confidence intervals using the 
Satterthwaite	method	(Kuznetsova	et	al.,	2017).	We	also	calculated	
and	reported	effect	size	as	Cohen's	f statistic considering partial ef-
fects	 using	 the	 “t_to_r”	 function	of	 the	effectsize	 R	package	 (Ben-	
Shachar et al., 2020).	For	single	traits,	we	performed	a	mixed-	effects	
model where community mean k	and	intraspecific	variation	CVk of 
each trait were regressed against “years since glacier retreat” using 
a	second-	degree	polynomial	and	a	random	intercept	for	“site”	(two	
separate	models	 per	 each	 trait).	We	 reported	 the	 parameter	 esti-
mates, standard errors, confidence intervals, degrees of freedom, t-	
values, p-	values,	Cohen's	f effect size, and corresponding confidence 
intervals.

With glacier retreat and primary succession, many geoecolog-
ical	 factors	other	 than	 time	 (i.e.,	 years	 since	glacier	 retreat)	play	
a role in driving both plant colonization and community develop-
ment, including microclimate, soil conditions, topography, distur-
bance,	and	species	interactions	(Erschbamer	and	Caccianiga,	2016; 
Losapio et al., 2021; Ficetola et al., 2021).	 Here,	 glacier	 retreat	
can	be	considered	as	(i)	a	direct,	proximate	cause	by	making	new	
space	and	creating	new	niches,	or	(ii)	a	distal	cause	of	functional	
diversity change which influences taxonomic diversity by chang-
ing a suite of underlying environmental conditions. For the sake of 
synthesis,	hereafter	we	consider	glacier	retreat	as	(i)	a	proximate	
cause	when	referring	to	the	creation	of	niche	space,	and	(ii)	a	distal	
cause when referring to turnover and taxonomic–functional diver-
sity relationships.

3  |  RESULTS

3.1  |  Functional diversity indices

First, we addressed the impact of glacier retreat on functional dis-
persion	(FDis)	and	functional	evenness	(FEve),	analyzing	both	plant	
trait	 average	 and	plant	 ITV.	We	 found	 that	 years	 since	 glacier	 re-
treat	had	large	effects	(Cohen's	f = 0.65,	p < 0.001)	on	trait	average	
FDis	(Figure 1a).	These	effects	were	negative	and	nonlinear	as	FDis	
decreased exponentially with increasing years since glacier retreat 
(rl = 0.22	 [0.06,	 0.37],	 rq =	 −0.35	 [−0.47,	 −0.19]).	 Similarly,	 glacier	

F I G U R E  1 Relationship	between	functional	diversity	(y-	axis),	glacier	retreat	(a–d;	log-	transformed	years	after	glacier	retreat	on	x-	axis),	
and	biodiversity	(e–h;	plant	species	richness	on	x-	axis).	We	report	overall	trends	with	95%	CI	along	with	significance	of	model	parameters	
(*,	0.05	< p < 0.1;	**,	0.01	< p < 0.001;	***,	p < 0.001;	asterisks	on	the	x-	axis	indicate	significance	of	linear	and	quadratic	terms	of	single	
predictor,	while	asterisks	inside	the	figure	indicate	significance	of	statistical	interaction	between	predictors).

(a) (b) (c) (d)

(e) (f) (g) (h)
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retreat	had	 large,	negative	effects	 (f = 0.77,	p < 0.001)	on	the	FDis	
of	 ITV	 (Figure 1b),	which	 also	 decreased	 exponentially	with	 years	
since	glacier	retreat	(rl = 0.19	[0.02,	0.34],	rq =	−0.45	[−0.56,	−0.31]).	
Considering	 the	 FEve,	 glacier	 retreat	 had	 large	 effects	 (f = 0.47,	 p 
< 0.001,	Figure 1c)	that	decreased	FEve	of	trait	average	(rl =	−0.42	
[−0.54,	−0.27],	 rq = 0.03	 [−0.14,	0.19]).	 Instead,	 glacier	 retreat	had	
medium	effects	(f = 0.24,	p < 0.025)	on	FEve	of	ITV	(Figure 1d),	with	
negative	effects	 as	 ITV	became	more	homogeneous	with	 increas-
ing	years	since	glacier	retreat	(rl = 0.18	[0.01,	0.34],	rq = 0.10	[−0.07,	
0.26]).

Next,	we	explored	how	 taxonomic	diversity	 (i.e.,	 plant	 species	
richness)	influenced	functional	diversity	and	how	glacier	retreat	af-
fected such relationship. We found that species richness had large 
positive	effects	on	FDis	(f = 0.27,	p < 0.002,	Extended	Data	Table 1 
in	Appendix	S1)	as	trait	average	dispersion	increased	with	increas-
ing	species	richness	overall	(rs = 0.26	[0.10,	0.40]).	Nevertheless,	the	
positive effects of plant species richness on trait average dispersion 
were	 decreased	 by	 years	 since	 glacier	 retreat	 (rl:s =	 −0.28	 [−0.42,	
−0.13],	rq:s = 0.37	[0.22,	0.49];	Figure 1e).	Plant	species	richness	on	
its	own	had	a	small	effect	on	the	FDis	of	trait	variation	 (f = 0.14,	p 
> 0.01,	 Extended	 Data	 Table 2	 in	 Appendix	 S1).	 Yet,	 there	 was	 a	
significant interaction between glacier retreat and species richness 
(f = 0.31,	p = 0.002).	The	overall	positive	relationship	between	plant	
species	 richness	 and	 FDis	 of	 ITV	 (rs = 0.14	 [−0.04,	 0.30])	was	 de-
creased	by	years	since	glacier	retreat	(rl:s =	−0.20	[−0.35,	−0.04],	rq:s 
= 0.29	[0.13,	0.42];	Figure 1f).

Furthermore, plant species richness predicted FEve of trait aver-
age	on	its	own	(f = 0.26,	p = 0.004)	and	depending	on	glacier	retreat	
(f = 0.37,	p < 0.001,	Extended	Data	Table 3	 in	Appendix	S1).	In	par-
ticular, trait average FEve decreased with increasing species richness 
(rs =	−0.25	[−0.40,	−0.08]),	 indicating	an	 increase	 in	heterogeneity	
with	 increasing	 taxonomic	diversity.	Years	 since	glacier	 retreat	ul-
timately	 flattened	 this	 relationship	 (rl:s =	 −0.29	 [0.12,	 0.43],	 rq:s = 
−0.03	[−0.20,	0.14];	Figure 1g)	suppressing	the	positive	role	of	plant	

species richness in functional heterogeneity. Species richness had 
negligible	effects	on	FEve	of	ITV	(r =	−0.13	[−0.31,	0.07],	p = 0.214;	
Figure 1h).

Finally,	we	considered	how	functional	uniqueness	changed	with	
years	since	glacier	retreat	(Extended	Data	Table 5	in	Appendix	S1).	
We found that years since glacier retreat had strong statistical ef-
fects	 on	 functional	 uniqueness	 (f = 1.132,	 p < 0.001)	 as	 the	 func-
tional	uniqueness	of	plant	species	decreased	with	increasing	years	
since	glacier	retreat	(rl =	−0.46	[−0.57,	−0.32],	rq = 0.57	[0.46,	0.66];	
Figure 2).	 Furthermore,	 functional	 uniqueness	 decreased	 with	 in-
creasing	species	richness	(rs =	−0.50	[−0.61,	−0.36]),	an	effect	also	
mediated	by	years	since	glacier	retreat	 (rl:s = 0.43	[0.29,	0.5],	rq:s = 
−0.45	[−0.56,	−0.31];	Figure 2).

3.2  |  Single traits

We proceeded with examining how single plant traits changed with 
years	since	glacier	retreat	(Figures 3 and 4; Extended Data Table 6 
and Extended Data Table 7	in	Appendix	S1).	Leaf	carbon	content,	
on	 average,	 increased	with	 years	 since	 glacier	 retreat	 (rl = 0.726	
[0.649,	0.783],	rq = 0.334	[0.183,	0.462]).	On	the	contrary,	 ITV	of	
leaf carbon content tended to decrease with years since glacier 
retreat	 (rl = 0.111	 [−0.052,	 0.266],	 rq =	 −0.418	 [−0.533,	 −0.276]).	
Leaf nitrogen content, on average, increased initially but ultimately 
decreased	 with	 years	 since	 glacier	 retreat	 (rl = 0.047	 [−0.115,	
0.206],	rq = 0.338	[−0.465,	−0.188]),	whereas	ITV	of	 leaf	nitrogen	
content	increased	with	years	since	glacier	retreat	(rl = 0.177	[0.017,	
0.324]).	 The	 average	 carbon-	to-	nitrogen	 content	 ratio	 showed	 a	
positive	 hump-	shaped	 change	 with	 years	 since	 glacier	 retreat	 (rl 
= 0.221	[0.060,	0.364],	rq = 0.372	[0.226,	0.494]),	while	the	ITV	of	
carbon-	to-	nitrogen	content	ratio	showed	a	negative	hump-	shaped	
change	with	years	since	glacier	retreat	(rl = 0.290	[0.134,	0.424],	rq 
=	−0.391	[−0.512,	−0.246]).

F I G U R E  2 Relationship	between	
functional	uniquenness	(y-	axis),	glacier	
retreat	(a;	log-	transformed	years	after	
glacier	retreat	on	x-	axis),	and	biodiversity	
(b;	plant	species	richness	on	x-	axis).	We	
report	trends	with	95%	CI	along	with	
significance	of	model	parameters	(*,	
0.05 < p < 0.1;	**,0.01	< p < 0.001;	***,	p 
< 0.001;	asterisks	on	the	x-	axis	indicate	
significance	of	linear	and	quadratic	
terms of single predictor, while asterisks 
inside the figure indicate significance of 
statistical	interaction	between	predictors)	
among sites.

(a) (b)
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Considering	 “leaf	 economic	 spectrum”	 traits,	 SLA	 average	
showed	 a	 negative	 hump-	shaped	 change	 with	 glacier	 retreat	 (rl 
= 0.314	[−0.446,	−0.160],	rq =	−0.310	[−0.442,	−0.157]),	while	SLA	

intraspecific variation decreased exponentially with years since gla-
cier	retreat	(rl =	−0.474	[−0.580,	−0.341],	rq = 0.186	[0.025,	0.332]).	
On the contrary, LDMC average increased with years since glacier 

F I G U R E  3 Relationship	between	plant	traits	(trait	average	in	blue;	ITV,	intraspecific	trait	variability	in	orange;	y-	axis)	and	glacier	retreat	
(log-	transformed	years	after	glacier	retreat,	x-	axis).	(a)	Leaf	carbon	content;	(b)	leaf	nitrogen	content;	(c)	carbon/nitrogen	ration;	(d)	canopy	
height;	(e)	specific	leaf	area;	(f)	leaf	dry	matter	content.	We	report	overall	trends	with	95%	CI	along	with	significance	of	model	parameters	
(*,	0.05	< p < 0.1;	**,	0.01	< p < 0.001;	***,	p < 0.001;	asterisks	inside	the	figure	indicate	significance	of	linear	and	quadratic	terms	of	glacier	
retreat	variable).

(a) (b) (c)

(d) (e) (f)

F I G U R E  4 Relationship	between	flowering	strategy	(a;	y-	axis),	flowering	period	(b;	y-	axis),	lateral	growth	(c;	y-	axis),	and	glacier	retreat	
(log-	transformed	years	after	glacier	retreat;	x-	axis).	We	report	overall	trends	with	95%	CI	along	with	significance	of	model	parameters	(*,	
0.05 < p < 0.1;	**,	0.01	< p < 0.001;	***,	p < 0.001;	asterisks	on	the	x-	axis	indicate	significance	of	linear	and	quadratic	terms	of	glacier	retreat	
variable).

(a) (b) (c)
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retreat	(rl =	−0.577	[0.463,	0.663],	rq = 0.329	[0.176,	0.459]),	whereas	
LDMC	intraspecific	variation	sharply	decreased	(rl =	−0.497	[−0.599,	
−0.367]).

Notably,	 average	 canopy	 height	 tended	 to	 increase	 with	
years	since	glacier	retreat	(rl =	−0.464	[0.329,	0.572],	rq =	−0.166	
[−0.315,	−0.004]).	On	the	contrary,	lateral	spread	decreased	with	
years	since	glacier	retreat	(rl =	−0.294	[−0.429,	−0.139],	rq =	−0.157	
[−0.005,	 0.306];	 Figure 4).	 Finally,	 we	 also	 found	 that	 flowering	
start sharply shifted to earlier in the season with years since glacier 
retreat	 (rl =	 −0.386	 [−0.507,	−0.241];	Figure 4a),	while	 flowering	
period	 increased	with	 glacier	 retreat	 (rl =	 −0.336	 [0.185,	0.465];	
Figure 4b;	Appendix	S1).

4  |  DISCUSSION

Our results indicate that functional diversity of plant communities de-
creases with glacier retreat. The processes of plant colonization and 
ecological succession that follow the retreat of glaciers shape the func-
tional structure of vegetation. By triggering ecological succession and 
ultimately decreasing species richness, glacier retreat creates more 
functionally	 homogeneous	 communities	 and	 decreases	 traits	 unique-
ness	 (Cauvy-	Fraunié	&	Dangles,	2019; Losapio et al., 2021).	Here,	for	
the sake of simplicity and clarity, we considered glacier retreat as a distal 
cause of functional diversity change. This causality encapsulates a suite 
of factors and underlying changing environmental conditions, such as 
soil formation, water content, microclimate change, or degree of pertur-
bation.	As	the	presence	of	glaciers	provides	early-	successional	stages,	
unique	microclimate	and	ecological	conditions,	glacier	extinction	could	
act as a further driver of functional diversity change. Furthermore, gla-
cier extinction would end the further onset of ecological successions 
and make early and intermediate successional stages disappearing.

4.1  |  Functional diversity response

The decrease in functional diversity with glacier retreat could 
reflect a decrease in both niche differentiation and in the vari-
ation	 of	 ecological	 functions	 performed	 by	 diverse,	 species-	rich	
communities	(Schöb	et	al.,	2012;	Kraft	et	al.,	2014;	Le	Bagousse-	
Pinguet et al., 2015).	The	ecological	succession	triggered	by	gla-
cier retreat had two types of impacts on functional diversity: 
first, it decreases and homogenizes functional diversity; second, 
it suppresses the positive effects of species richness on func-
tional diversity. Consistent with modeling results and recent em-
pirical	work	(Cadotte	et	al.,	2011; Song et al., 2014;	Griffin-	Nolan	
et al., 2019; Biggs et al., 2020),	the	observed	decrease	in	functional	
diversity can have both positive and negative effects on ecological 
systems. On one hand, ecosystem functions and opportunities for 
local adaptation may be accordingly reduced. On the other, the 
redundancy of function can increase ecosystem stability. When 
focusing on single traits, our results further demonstrate that gla-
cier retreat and associated changes in species richness strongly 
impact	both	trait	average	and	ITV.

To understand the influence of glacier retreat on community 
structure	 and	 functions,	 we	 used	 different	 trait-	based	 metrics,	
namely functional dispersion and functional evenness, while consid-
ering	both	trait	average	and	ITV.	Our	results	indicate	that	functional	
dispersion and evenness of trait average are the highest in early 
stages and decrease with glacier retreat. While functional dispersion 
of	 ITV	 remains	constant	with	glacier	 retreat,	 ITV-	based	 functional	
evenness increases with glacier retreat. These results indicate that 
young environments host more functionally diverse communities 
which are becoming more functionally uniform toward late develop-
mental stages. There, with glacier extinction, few dominant species 
exhibit	a	higher	degree	of	heterogeneity	in	ITV	as	compared	to	pio-
neer and early communities.

We have not specifically assessed biotic interactions in our study, 
but one could make inference on biotic processes from functional 
diversity patterns. The decrease in functional dispersion suggests 
that traits converge in the long term following glacier retreat. Trait 
convergence could suggest either strong habitat filtering or strong 
exclusion	of	low-	competitive	traits	(Mayfield	&	Levine,	2010).	In	our	
case, the second hypothesis is more plausible as older deglaciated 
terrains are known to have less harsh environments, hence posing 
loosened habitat filters, and to host competitive species. Lower val-
ues of functional evenness are explained by traits being not evenly 
distributed among the species and reflecting that some trait values 
are	more	dominant	than	others	(Mouchet	et	al.,	2010).	Accordingly,	
the dominance of some traits can also be explained by the exclusion 
of	low-	competitive	traits.

Previous studies on ecosystem functioning and multifunc-
tionality showed that higher functional dispersion increases 
multifunctionality by favoring a more efficient resource use 
(García-	Palacios	 et	 al.,	 2018;	 Bagousse-	Pinguet	 et	 al.,	 2021, 
2019).	 Functional	 evenness	 is	 also	 found	 to	 be	 key	 to	 promote	
multifunctionality	 (Bagousse-	Pinguet	 et	 al.,	2021).	Although	we	

F I G U R E  5 Summary	of	effects	of	glacier	retreat	(direction	and	
strength)	on	the	variation	of	plant	functional	traits.
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did not measure ecosystem functioning directly, our results are 
consistent with recent literature suggesting that multifunction-
ality and ecosystem functions related to carbon and nutrient 
cycling are more diverse in early successional stages than late 
ones. In addition, we also observed a high proportion of func-
tionally	unique	traits	in	early	stages.	Unique	traits	have	also	been	
shown to be important for promoting new functions in novel eco-
systems and to be key attributes to be included in conservation 
planning.	Yet,	 it	 is	 important	 to	highlight	 that	 too	high	 levels	of	
functionally	 uniqueness	 imply	 low	 redundancy,	which	 can	 have	
negative effects on biodiversity and ecosystem functions by de-
creasing	 resilience	and	stability	 (Bagousse-	Pinguet	et	al.,	2021).	
Indeed, having multiple copies of a trait allows the ecosystem to 
be more resilient in case of the loss of species and environmental 
perturbations	(Biggs	et	al.,	2020).	Our	results	suggest	that	later-	
developmental communities could be more resilient and stable in 
the presence of perturbations.

Furthermore, we decomposed the effects of species richness 
and glacier retreat on functional diversity. It is generally assumed 
that the higher the taxonomic diversity, the higher the functional di-
versity,	and	thus	the	dispersion	between	traits	(Cadotte	et	al.,	2011).	
Here, the hypothesis holds true in the early stages of community 
assembly and ecosystem development. We found that with increas-
ing time, the positive influence of species diversity on functional 
diversity is suppressed by glacier retreat. This positive relationship 
between taxonomic and functional diversity became more flat, that 
is, less important, with time since glacier retreat. This indicates 
that functional diversity and trait evenness change no matter spe-
cies	richness	in	late-	successional	communities.	On	the	contrary,	as	
expected, functional diversity increases with species richness in 
early-	successional	 communities.	 Furthermore,	we	 also	 observed	 a	
reduction	of	trait	uniqueness	with	glacier	retreat.	A	possible	expla-
nation is that the rate of decrease in functional diversity is much 
stronger than that of taxonomic diversity.

4.2  |  Single traits and the importance of trait 
variation

We further assessed changes in single traits considering both niche 
position	(i.e.,	trait	mean)	and	niche	breadth	(i.e.,	ITV)	(Figure 5).	Both	
leaf carbon content and leaf nitrogen content show sharp changes 
with	 glacier	 retreat.	 After	 their	 initial	 increase,	 nitrogen	 content	
decreases in the oldest communities while carbon does not. This 
yields	an	initial	decrease	of	C:N	ratio	after	deglaciation	but	an	ul-
timate increase in oldest communities. These results are similar to 
trends	observed	in	soil	nutrients	too	(Khedim	et	al.,	2021).	Leaf	nu-
trient concentration reflects nutrient availability in the surround-
ing	environment	 (Zhang	et	al.,	2020).	Early	stages	of	deglaciation	
are	characterized	by	parent	material	and	nutrient-	poor	soil	(Khedim	
et al., 2021).	Accordingly,	our	 results	 show	that	plants	 in	pioneer	
communities	have	high	C:N	ratio,	indicating	the	prevalence	of	auto-
trophic processes. This process is comparable to the early stages of 

terrestrial plant evolution when soil presents poor nutrient content. 
Plants	evolve	a	high	C:N	ratio	to	be	able	to	survive	in	nutrient-	poor	
environments and resist environmental stress such as cold envi-
ronments	(Zhang	et	al.,	2020).	With	time,	soil	becomes	richer	due	
to weathering from minerals, the decomposition of plants, and the 
increase	of	organisms	able	to	fix	atmospheric	N	(Zhang	et	al.,	2020; 
Khedim	et	al.,	2021).	We	captured	C:N	ratio	decreasing	with	time,	a	
process occurring after the retreat of glaciers and other ecological 
successions such as volcanic soils.

This trend is further corroborated by the analyses of the leaf 
economic	spectrum,	primarily	SLA	and	LDMC	(Wright	et	al.,	2004).	
We	found	that	plants	with	high	SLA	and	low	LDMC	increase	during	
early community assembly stages, indicating that plants with fast 
growth strategy are associated with early colonization. Colonizers 
are	 replaced	 toward	 later	 stages	 by	 species	 with	 low	 SLA	 and	
high	 LDMC	 (denser	 leaves	 and	 slow	 growers),	 typically	 more	
stress-	tolerant	 species	 (Erschbamer	&	Caccianiga,	2016; Losapio 
et al., 2021).	Stress-	tolerant	species	can	persist	in	time	by	outcom-
peting	 pioneer	 species	 (Losapio	 et	 al.,	2021).	We	 also	 observed	
a	sharp	 increase	 in	plant	height.	Tussock-	dominated	patches	and	
shrublands can act as environmental filters, by altering environ-
mental conditions, mainly by modifying light availability. With the 
increase in plant height, only a limited number of plants have ac-
cess to maximum sunlight. Light thus becomes a limiting factor 
for	the	growth	and	survival	of	plant	species	(Depauw	et	al.,	2020; 
Happonen et al., 2021).	These	results	suggest	that	light	limitation	
exerted	 by	 shrubs	 (e.g.,	 Rhododendron ferrugineum)	 and	 tussock	
grasses/sedges	(e.g.,	Carex curvula)	may	be	a	potential	mechanism	
underlying the exclusion of herbaceous, pioneer species and driv-
ing biodiversity decline with glacier extinction. Taken together, 
these results suggest that different forces are driving the commu-
nity structure of plants and trait distribution of plant communities. 
Considering	trait	average	and	ITV	together	provides	a	broader	and	
deeper spectrum of functional diversity response to glacier re-
treat. Shortly after glacier retreat, plant communities exhibit small 
and	narrow	niches	for	carbon-		and	nutrient-	related	traits	as	well	
as canopy height. With increasing time since glacier retreat, both 
mean and variation increase, suggesting niche shift and particu-
larly	niche	expansion	(Schöb	et	al.,	2012;	Kraft	et	al.,	2014)	in	re-
lation to those traits. On the contrary, LDMC mean and variation 
patterns suggest potential for niche shift toward higher values 
with	narrower	niches	(Schöb	et	al.,	2017),	which	suggest	potential	
higher drought resistance but also lower adaptive ability.

Notably,	our	results	indicate	that	the	start	of	flowering	shifted	
to earlier in the season, while the flowering period lengthened 
with glacier retreat. These findings suggest that as glacier fore-
lands undergo ecological succession, plant communities shift 
their phenology to maximize reproductive success in response to 
changing	 environmental	 conditions	 (Siefert	 et	 al.,	2015).	 Earlier	
flowering could be a response to the extended growing season in 
late stages as soil temperature and light availability increase ear-
lier	in	the	year	(Depauw	et	al.,	2020).	This	shift	may	allow	plants	
to exploit favorable conditions sooner, giving them a competitive 
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advantage	in	late-	successional	environments	where	competition	
for	 pollinators	 is	 greater	 (Tu	 et	 al.,	 2024).	 A	 prolonged	 flower-
ing period may enhance the likelihood of successful pollination 
by spreading the risk of reproductive failure across a longer time 
frame	(Larcher	et	al.,	2010).	Overall,	these	phenological	changes	
indicate the adaptive potential of plant reproductive strate-
gies in response to the shifting environmental pressures asso-
ciated with glacier retreat. However, with the recent retreat of 
glaciers	 at	 unprecedented	 rates	 (Zemp	 et	 al.,	 2015),	 biotic	 and	
abiotic conditions are changing rapidly in glacier ecosystems, 
posing serious challenges to evolution by constraining the win-
dow for adaptation. There is no guarantee that plants will be able 
to	 adapt	 fast	 enough	 to	 the	 new,	 fast-	changing	 environmental	
and	 climatic	 conditions.	 Not	 only	 plants	may	 not	 adapt	 quickly	
enough to those new environments, but the decrease in trait 
dispersion	and	ITV	further	 leads	to	a	decrease	in	their	ability	to	
adapt	to	future	climates	and	environments	(Rodman	et	al.,	2021).	
Yet,	there	 is	consensus	on	the	 importance	of	maintaining	a	high	
level of functional dispersion and redundancy to promote eco-
system	 processes	 and	 support	 resilience	 (Tilman,	 1997;	 Díaz	 &	
Cabido, 2001; Ricotta et al., 2016).	Our	results	highlight	the	im-
portance of accounting for functional dispersion and functional 
variation in multiple traits for designing conservation strategies 
(Carmona	et	al.,	2021)	aimed	at	anticipating	the	impact	of	glacier	
extinction on biodiversity.

In conclusion, different forces drive plant community assem-
bly and functional development after glacier retreat. The majority 
of plant functional traits are altered by the rapid retreat of glaciers 
more than by changes in species richness. We stress that it is key 
to consider not only habitat protection but also to conserve and re-
storefunctional diversity.
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