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Abstract
Climate change is pushing species towards and potentially beyond their critical ther-
mal	limits.	The	extent	to	which	species	can	cope	with	temperatures	exceeding	their	
critical	thermal	limits	is	still	uncertain.	To	better	assess	species'	responses	to	warming,	
we	compute	 the	warming	 tolerance	 (ΔTniche)	 as	a	 thermal	vulnerability	 index,	using	
species'	upper	thermal	limits	(the	temperature	at	the	warm	limit	of	their	distribution	
range)	minus	the	local	habitat	temperature	actually	experienced	at	a	given	location.	
This	metric	is	useful	to	predict	how	much	more	warming	species	can	tolerate	before	
negative	 impacts	are	expected	 to	occur.	Here	we	set	up	a	cross-continental	 trans-
plant	experiment	involving	five	regions	distributed	along	a	latitudinal	gradient	across	
Europe	(43° N–61° N).	Transplant	sites	were	located	in	dense	and	open	forests	stands,	
and	at	forest	edges	and	in	interiors.	We	estimated	the	warming	tolerance	for	12	un-
derstory	plant	 species	common	 in	European	 temperate	 forests.	During	3 years,	we	
examined	the	effects	of	the	warming	tolerance	of	each	species	across	all	transplanted	
locations	on	local	plant	performance,	in	terms	of	survival,	height,	ground	cover,	flow-
ering	probabilities	and	flower	number.	We	found	that	the	warming	tolerance	(ΔTniche)	
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1  |  INTRODUC TION

Anthropogenic	 climate	 change	 increases	 the	 risks	 that	 tempera-
tures	go	beyond	the	 thermal	 limits	of	species	 (Feeley	et	al.,	2020; 
Parmesan	&	Hanley,	2015).	Yet,	our	scientific	knowledge	on	whether	
or	not	and	to	what	extent	species	can	cope	with	temperatures	that	
exceed	the	limits	of	their	thermal	niches	is	still	scarce.	Most	current	
studies	 test	 the	 “abundance-centre	hypothesis”	based	on	 the	 idea	
that	the	geographic	distance	to	a	species'	range	centroid	determines	
species	 performance,	 albeit	 the	 results	 of	 these	 studies	 are	 often	
mixed	 (e.g.,	 Chevalier	 et	 al.,	 2021;	 Dallas	 et	 al.,	 2017;	 Martínez-
Meyer	et	al.,	2013;	Osorio-Olvera	et	al.,	2020;	Santini	et	al.,	2019).	
Recent	 studies	 suggest	 that	 species	 performance	 should	 be	 eval-
uated	within	 the	 niche	 space,	 rather	 than	 the	 geographical	 space	
(Martínez-Gutiérrez	 et	 al.,	 2018;	 Martínez-Meyer	 et	 al.,	 2013).	
Comprehending	 species'	 thermal	 niche	 characteristics	 by	 focusing	
on	the	warm	limit	and	species'	response	to	rising	temperatures	can	
provide	a	more	direct	insight	into	species	performance	under	climate	
change.

The	 thermal	 niche	 of	 a	 plant	 species	 refers	 to	 the	 range	 of	
temperature conditions that a species can tolerate and thrive in. 
It	 is	 characterized	 by	 the	 species'	 thermal	 optimum,	which	 is	 the	
temperature	 allowing	 maximal	 plant	 performance,	 as	 well	 as	 the	
thermal	 tolerance	 and	 its	 limits,	 which	 are	 the	 upper	 and	 lower	
critical temperature limit beyond which the species cannot survive 
or	 reproduce	 in	 the	wild	 (Cuesta	et	 al.,	2019;	 Inouye,	2008).	 The	
upper	critical	temperature	limit—or	the	warm	limit—of	a	species,	in	
particular,	can	reflect	the	vulnerability	of	a	plant	species	to	climate	
warming	and	extreme	heat	(Mellert	et	al.,	2016;	Stahl	et	al.,	2014).	
As	temperatures	approach	to	or	exceed	the	warm	 limit	of	a	plant	
species'	 thermal	 niche,	 its	 ability	 to	 tolerate	 and	 thrive	 in	 its	 en-
vironment	 decreases,	 making	 it	 more	 vulnerable	 to	 negative	 im-
pacts	of	climate	change	(Angert	et	al.,	2011;	 Inouye,	2008; Morin 
&	Chuine,	2006).	For	instance,	during	prolonged	hot	days	or	heat-
waves,	 plants	 close	 their	 stomata	 to	 avoid	 lethal	 damages	due	 to	
cavitation	(McDowell	&	Allen,	2015).	However,	when	temperatures	

surpass	a	plant	 species'	warm	 limit,	 the	protective	 capacity	of	 its	
stomatal	 closure	 may	 become	 inadequate	 (Marchin	 et	 al.,	 2022).	
Therefore,	the	“warming	tolerance”	of	a	given	species	(hereafter	ab-
breviated as ΔTniche),	is	here	defined	as	the	difference	between	the	
temperature limits that a species can tolerate according to its ther-
mal niche and the actual temperature conditions that a plant indi-
vidual	experiences	at	a	given	location	(Clusella-Trullas	et	al.,	2021; 
Deutsch	et	al.,	2008).	This	proxy	may	serve	as	a	valuable	predic-
tor	of	the	change	in	species	performance	or	fitness	in	response	to	
changing	climate.	The	warming	tolerance	is	usually	computed	rela-
tive	to	the	upper	limit	of	the	thermal	niche	of	the	focal	species,	such	
that ΔTniche is positive when the local temperature conditions remain 
cooler	than	the	upper	thermal	limit	of	the	focal	species	and	negative	
otherwise	(see	Figure 1).	If	a	given	species	at	a	given	location	has	a	
low	warming	tolerance	(i.e.,	less	positive	and	close	to	zero)	and	ex-
periences	a	warming	exposure	greater	than	the	local	warming	tol-
erance,	then	this	species	is	at	risk	and	will	likely	exhibit	a	significant	
and	rapid	change	in	performance	or	fitness	as	the	climate	continues	
to	warm	in	that	location.	Hence,	the	ΔTniche	as	defined	by	Deutsch	
et	 al.	 (2008)	 and	 used	 here	 provides	 information	 on	 how	 close	 a	
species	is	to	the	warm	limit	of	its	thermal	niche	and	how	much	addi-
tional	warming	it	can	tolerate	before	experiencing	negative	impacts	
(i.e.,	ΔTniche ≤ 0)	on	its	performance	or	fitness.	For	example,	if	a	plant	
species	is	already	close	to	its	warm	limit	(ΔTniche ~ 0),	even	a	small	in-
crease	in	temperature	due	to	climate	change	could	have	significant	
negative	impacts	on	its	survival	and	growth.	On	the	other	hand,	if	
a	species	has	more	space	to	tolerate	warming,	i.e.,	is	farther	away	
from	its	warming	tolerance	(ΔTniche > > 0),	it	may	be	able	to	adapt	to	
changing	conditions	more	easily.	By	using	ΔTniche	to	assess	a	species'	
vulnerability	 to	 climate	 change,	 researchers	 and	 conservationists	
can	prioritize	conservation	efforts	and	develop	management	strat-
egies	for	determining	conservation	priority	of	species	and	habitats,	
as	well	as	for	managing	ecosystems	in	a	changing	climate.	Yet,	pre-
vious studies on ΔTniche	were	 chiefly	 focusing	on	ectotherms	 and	
insects	 (e.g.,	 Deutsch	 et	 al.,	 2008;	 Diamond	 et	 al.,	 2012;	 Frazier	
et	al.,	2006;	Kingsolver	et	al.,	2013;	Sunday	et	al.,	2014),	while	few	

of	 the	12	studied	understory	species	was	significantly	different	across	Europe	and	
varied	by	up	to	8°C.	 In	general,	ΔTniche	were	smaller	 (less	positive)	towards	the	for-
est	edge	and	in	open	stands.	Plant	performance	(growth	and	reproduction)	increased	
with increasing ΔTniche	across	all	12	species.	Our	study	demonstrated	that	ΔTniche	of	
understory	plant	species	varied	with	macroclimatic	differences	among	regions	across	
Europe,	as	well	as	in	response	to	forest	microclimates,	albeit	to	a	lesser	extent.	Our	
findings	support	the	hypothesis	that	plant	performance	across	species	decreases	in	
terms	of	growth	and	reproduction	as	 local	temperature	conditions	reach	or	exceed	
the	warm	limit	of	the	focal	species.

K E Y W O R D S
climate	change,	cross-continental	transplant	experiment,	forest	ecosystems,	microclimate,	
species	traits,	thermal	niche,	understory	species,	warming	tolerance
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studies	to	date	have	quantified	the	relationship	between	the	ΔTniche 
and	plant	 species'	 survival,	 growth	or	 reproduction	 (e.g.,	Marchin	
et	al.,	2022).

When	considering	the	responses	of	plant	species	to	ΔTniche,	the	
typical	 “bell-shaped”	 Gaussian	 response	 curves	 can	 be	 expected	
if	 local	 adaptation	 is	 not	 taken	 into	 account	 (Sexton	 et	 al.,	2009)	
(Figure 1).	That	 is,	 a	plant	 species	should	perform	best	 in	habitats	
where	the	temperature	is	closer	to	its	thermal	niche	optimum,	with	a	
decreasing	performance	when	the	temperature	is	increasing	beyond	
its	warm	 limit	 (that	 is,	ΔTniche ≤ 0)	 (Brown,	1984;	Hengeveld,	1992; 
Manthey	et	al.,	2015).	Furthermore,	this	dependence	of	species	per-
formance	to	ΔTniche also indicates that the magnitude and direction 
of	plant	species'	responses	to	climate	change	not	only	depends	on	
the	exposure	 to	 climate	 change	at	 a	 given	 location	but	 it	 also	de-
pends	on	the	baseline	climatic	conditions	within	the	focal	 location	
(Pearman	 et	 al.,	 2008;	 Soberón	 &	 Arroyo-Peña,	 2017)	 (Figure 1).	
Because	the	temperature	experienced	by	a	species	is	a	crucial	ele-
ment	of	the	ΔTniche	based	approach,	the	necessity	to	work	with	local	
microclimate	 temperature	 instead	 of	macroclimate	 temperature	 is	
evident.

Climate change projections are largely based on macrocli-
mate	 temperature	 data	 as	 measured	 in	 open	 fields	 (Moritz	 &	
Agudo,	 2013).	 However,	 most	 organisms	 experience	 temperature	
conditions	that	differ	from	the	macroclimate	(De	Frenne	et	al.,	2021; 
Potter	et	al.,	2013).	 Forest	 canopies	 shelter	 the	majority	of	 forest	
plant	 species	 from	 external	 influences,	 by	 modifying	 the	 thermal	
conditions	 and	 buffering	 macroclimatic	 temperature	 extremes	
(De	Frenne	et	al.,	2019).	Plant	species	that	grow	under	dense	tree	
canopies	are	 subjected	 to	 reduced	 incoming	solar	 radiation,	 lower	

daytime temperatures and thus cooler daytime and more stable 
microclimatic	conditions	compared	to	open	forests	or	forest	edges	
(Meeussen	 et	 al.,	2021;	 Zellweger	 et	 al.,	2020).	 The	magnitude	of	
differences	in	temperature	at	small	spatial	scales	(often	<100 m)	can	
be	as	high	as	that	of	broad	latitudinal	gradients,	or	as	the	projected	
thermal	increase	by	the	end	of	the	century	(De	Frenne	et	al.,	2019).	
Accordingly,	 when	 estimating	 ΔTniche	 of	 a	 species,	 not	 macrocli-
matic	 temperatures,	 but	 microclimatic	 temperatures	 should	 be	
considered to accurately predict the species response to warming. 
This	has	also	been	 increasingly	emphasized	and	applied	 in	 studies	
regarding	warming	 tolerance	 for	ectotherms	and	 insects	 (Clusella-
Trullas	et	al.,	2021;	Kearney	et	al.,	2021;	Pincebourde	&	Casas,	2019; 
Sunday	et	al.,	2014).

Here	we	first	quantified	ΔTniche	for	12	common	understory	plant	
species across large macroclimatic and microclimatic gradients in 
European	temperate	forests	through	a	cross-continental	transplant	
experiment	 (macroclimate	 differences),	 and	 with	 transplant	 loca-
tions	 in	dense	and	open	forest	stands,	and	at	 forest	edges	and	 in	
interiors	(microclimatic	differences).	Indeed,	to	take	both	macrocli-
mate	and	microclimate	into	account,	the	experiment	involved	two	
climatic	gradients	operating	at	different	spatial	extents	and	resolu-
tions:	a	macroclimate	gradient	 from	northern	 to	southern	Europe	
(region	 effect)	 and	 local	 microclimate	 gradients	 driven	 by	 forest	
structure	(warmer	open	vs.	cooler	dense	forests)	and	the	distance	
to	the	forest	edge	(cool	forest	 interior	to	warmer	edge).	Then,	we	
investigated	 the	 effect	 of	 local	 species-by-site-specific	 values	 of	
ΔTniche	on	the	local	plant	performance	in	terms	of	survival,	height,	
cover,	flowering	probability	and	flower	number.	In	total,	the	exper-
iment	 consisted	 of	 2880	 plant	 individuals,	 individually	monitored	

F I G U R E  1 Conceptual	diagram	of	our	hypothesis	on	species'	performance	responses	to	ΔTniche	(thermal	niche	at	0.95	
percentile − microclimate	site	temperature).	The	red	dashed	line	represents	the	warm	limit	of	a	species	thermal	niche	(ΔTniche = 0).	In	a	
warmer	region	or	site,	relatively	to	the	thermal	niche	of	the	focal	species,	even	a	moderate	change	in	temperatures	over	time	is	expected	
to	rapidly	exceed	the	warm	limit	of	the	focal	species	(i.e.,	ΔTniche < 0).	In	such	situations	(i.e.,	ΔTniche < 0),	the	more	the	temperatures	exceed	
the	warm	limit	of	the	species'	thermal	niche,	the	more	negative	the	impact	on	the	species'	performance	or	fitness	will	be.	Hence	we	expect	
a	negative	response	in	species	performance	to	negative	values	of	ΔTniche	(blue	area	on	the	right).	In	a	colder	region	or	site,	relatively	to	the	
thermal	niche	of	the	focal	species,	when	temperatures	are	well	below	the	warm	limit	and	even	below	the	thermal	niche	optimum	of	the	focal	
species	(i.e.,	ΔTniche > > 0),	we	expect	a	positive	response	in	species	performance	or	fitness	to	increasing	ΔTniche	(light	brown	on	the	left).	At	
locations	where	temperatures	are	close	to	the	thermal	niche	optimum	of	the	focal	species,	we	expect	a	Gaussian	response	curve	in	species	
performance	to	changes	in	ΔTniche	(ΔTniche > 0)	(brown	area	in	the	centre	of	the	graph).	We	therefore	expect	that	species'	responses	to	climate	
warming	will	depend	on	the	relationship	between	the	experienced	temperature	at	a	given	site	and	the	warm	limit	of	each	species'	thermal	
niche.
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for	three	consecutive	years,	covering	12	species	across	five	regions	
in	Europe.	Our	research	questions	were:	(1)	Is	ΔTniche mainly driven 
by	microclimate	(distance	to	forest	edge	and	forest	structure)	or	by	
macroclimate	(region)?	(2)	What	are	the	effects	of	ΔTniche on species 
performance	 (survival,	 growth	 and	 reproduction)	 for	 understory	
plants?	(3)	How	is	the	performance	of	understory	plants	impacted	
by	 distance	 to	 forest	 edge,	 forest	 structure	 and	 their	 interaction	
with	macroclimate?

2  |  MATERIAL S AND METHODS

2.1  |  Study area

This	study	was	carried	out	 in	five	regions	along	a	 latitudinal	gradi-
ent	of	Europe,	from	central	Sweden	to	Italy	(between	10° W–20° E	
and	43° N–61° N,	Figure 2).	The	 latitudinal	 gradient	 spans	most	of	
the	temperate	forest	biome	and	represents	a	significant	gradient	in	
macroclimate.	We	focused	on	deciduous	forests	dominated	by	oaks	
(Quercus	sp.)	and	beech	(Fagus sylvatica),	as	they	cover	a	large	part	of	
temperate	forests	in	Europe	(Barbati	et	al.,	2014)	and	support	a	high	
number	 of	 associated	 species	 and	 rich	 woodland	 diversity	 (Eaton	
et	al.,	2016;	Mölder	et	al.,	2019).

2.2  |  Study species

Twelve	 common	 understory	 plant	 species	 of	 temperate	 European	
forests	 were	 studied:	 Alliaria petiolata; Allium ursinum; Anemone 
nemorosa; Carex sylvatica; Deschampsia cespitosa; Geranium rob-
ertianum; Geranium sylvaticum; Geum urbanum; Oxalis acetosella; 
Poa nemoralis; Urtica dioica; and Vinca minor.	 These	 species	 were	
carefully	 selected	based	on	 their	 realized	 thermal	 niche	 and	 colo-
nization	 capacity.	 To	 determine	 the	 realized	 thermal	 niche	 of	 the	
species,	species'	thermal	niche	optima	were	calculated	as	the	mean	
annual	 temperature	 across	 species'	 distribution	 range	 (De	 Pauw	
et	al.,	2022).	These	values	were	obtained	from	the	ClimPlant	data-
base	 (Vangansbeke	et	 al.,	2021).	 The	 selected	 species	 represent	a	
gradient	of	 temperature	preference,	 ranging	 from	cold-adapted	 to	
warm-adapted	 species.	The	Colonization	Capacity	 Index	 (CCI)	 (De	
Frenne,	Baeten,	et	al.,	2011;	Verheyen	et	al.,	2003)	was	used	to	en-
sure	that	variation	in	life-history	syndromes	and	the	degree	of	for-
est	 specialization	were	 crossed	with	 the	 variation	 in	 temperature	
preference.	The	CCI	is	an	index	that	quantifies	species'	preferential	
occurrence	in	ancient	versus	recent	forests	and	is	linked	to	species'	
specialization	for	forest	habitat	and	life-history	syndrome.	It	offers	
a	 continuous	 gradient	 ranging	 from	−100	 (strong	 association	with	
recent	forest)	 to	+100	 (strong	association	with	ancient	 forest)	 (De	

F I G U R E  2 Design	of	the	transplant	experiment	applied	here.	(a)	The	five	studied	regions	covering	Central	and	Southern	Sweden,	
Belgium,	France	and	Italy.	The	colours	on	the	map	show	the	mean	annual	temperature	(°C)	based	on	WorldClim	2	(Fick	&	Hijmans,	2017).	(b)	
Each	region	contains	four	plots	along	two	microclimatic	gradients:	two	plots	in	a	dense	forest,	two	in	an	open	forest.	In	each	forest,	one	plot	
is	situated	at	the	forest	edge	and	one	in	the	forest	interior.	(c)	Each	plot	contains	nine	mesocosms	and	each	mesocosm	contained	16	plants	
at	the	time	of	transplantation:	four	individuals	of	four	different	species	in	a	randomized	position.	Two	species	per	mesocosm	were	relatively	
more	warm-adapted	(red)	and	two	relatively	more	cold-adapted	(blue),	and	within	each	of	these	two	pairs,	one	was	a	generalist	(more	
transparent	hue)	and	the	other	a	forest	specialist	(darker	hue).	Tree	symbols	from	BioRender.com.
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    |  5 of 15WEI et al.

Frenne,	Baeten,	et	al.,	2011;	Verheyen	et	al.,	2003).	Both	the	geo-
graphic	and	thermal	niche	distribution	of	each	species	are	plotted	in	
Figure 3.	According	to	the	geographic	distribution	map,	two	species	
(C. sylvatica and V. minor)	with	 a	more	 southern	 distribution	were	
transplanted close to or beyond their northern range edge.

Estimating	 plants'	 thermal	 niches	 often	 involves	 detailed	 eco-
physiological	measurements	and	experiments	in	field	or	laboratory	
conditions.	 Alternatively,	 the	 determination	 of	 realized	 climatic	
niches	 based	on	 species'	 distributions	 is	 a	 reliable	method	 for	 es-
timating	 a	 species'	 thermal	 tolerance	 (Vangansbeke	 et	 al.,	 2021)	
and	 has	 been	 widely	 employed	 in	 ecological	 niche	 modeling	 for	
many	 years	 (e.g.,	 De	 Frenne	 et	 al.,	 2013;	 Haesen	 et	 al.,	 2023; 
Peterson,	 2011).	 The	 thermal	 niche	 distribution	 for	 each	 species	
was	plotted	based	on	1000	values	of	mean	growing-season	(April	to	
September)	temperature	of	the	1970–2000	period	randomly	drawn	
within	each	species'	distribution	in	Europe	(ClimPlant	database	avail-
able on Figshare at https://	doi.	org/	10.	6084/	m9.	figsh	are.	12199628; 
Vangansbeke	et	al.,	2021),	which	was	then	corrected	to	microclimate	
niche	data	based	on	a	detailed	map	of	forest	microclimate	tempera-
ture	 (ForestTemp	database,	Haesen	et	 al.,	2021).	We	selected	 the	

1970–2000	 climate	 data	 because	 species	 distribution	 maps	 were	
sourced	from	the	atlases	of	Hultén	and	Fries	(1986)	and	Meusel	and	
Jäger	 (1992),	which	represent	species	distributions	prior	to	the	re-
cent	warm	period.	We	assumed	that	the	climate	data	for	1970–2000	
were	considerably	more	accurate	than	those	from	warmer,	more	re-
cent	periods	such	as	2000–2020,	although	temperatures	at	the	end	
of	the	1990s	had	already	risen	due	to	climate	change	(IPCC,	2001).	
The	 cold	 and	warm	 limits	 of	 a	 given	 species	were	 represented	by	
computing	 the	 0.05	 and	 0.95	 percentiles	 of	 its	 thermal	 niche,	 re-
spectively.	The	0.95	percentile	 is	a	 level	commonly	chosen	 in	pre-
vious	studies	to	describe	thermal	extremes	while	avoiding	outliers	
(e.g.,	Li	et	al.,	2020;	Sunday	et	al.,	2014;	Webb	et	al.,	2020).	To	test	
the	 sensitivity	 of	 our	 results	 to	 the	 choice	 of	 the	 warming	 toler-
ance,	we	also	used	the	0.99	percentile	of	the	realized	thermal	niche	
(Figure S1).	Based	on	the	warm	limit	of	the	12	species	(Figure 3),	the	
warm	 limit	 among	 the	12	 species	 ranged	 from	16.13°C	 for	G. syl-
vaticum	to	19.08°C	for	G. robertianum.	The	three	most	cold-adapted	
species are G. sylvaticum,	A. nemorosa and O. acetosella,	and	the	three	
most	warm-adapted	species	are	U. dioica,	V. minor and G. robertia-
num.	The	other	species,	ranked	according	to	their	thermal	niche	as	

F I G U R E  3 The	geographical	and	thermal	niche	range	of	the	12	studied	understory	species.	In	each	map,	the	grey	area	is	the	geographic	
distribution	of	a	species,	and	the	five	circles	indicate	the	five	experimental	regions.	The	density	plot	next	to	each	map	shows	the	
microclimate-based	thermal	niche	range	of	a	species	(data	from	the	growing	season).	The	grey	shading	in	the	density	plot	represents	thermal	
niches	that	fall	below	a	species'	cold	limit	(5th	percentile)	or	above	its	warm	limit	(95th	percentile).	The	lines	in	each	density	plot	are	the	
mean	microclimate	temperatures	(in-situ	measured	in	the	growing	season)	of	the	five	studied	regions,	and	the	lines	for	Central	and	South	
Sweden	are	very	close	together	due	to	their	comparable	temperatures	during	the	experiment.

 13652486, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17064 by U

niversita D
i Firenze Sistem

a, W
iley O

nline L
ibrary on [29/11/2023]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.6084/m9.figshare.12199628


6 of 15  |     WEI et al.

calculated	here,	are	A. ursinum,	D. cespitosa,	C. sylvatica,	A. petiolata,	
P. nemoralis and G. urbanum.

2.3  |  Experimental design

A	 large-scale	 transplant	 experiment	 was	 installed	 in	 early	 spring	
2019	across	five	regions	located	along	a	1750 km	long	transect	span-
ning	 the	 entire	 European	 temperature	 broadleaved	 forest	 biome	
(Figure 2a).	In	each	region,	four	experimental	plots	were	established	
with	 contrasting	 forest	 structure	 (open	vs.	dense)	 and	distance	 to	
the	 forest	 edge	 (edge	 vs.	 interior)	 (Figure 2b),	 hereby	 capturing	 a	
major	part	of	the	natural	variation	in	macroclimate	and	microclimate	
in	 European	 broadleaf	 forests.	 Dense	 forest	 stands	 typically	 had	
a	well-developed	shrub	and	tree	 layer,	high	basal	area	and	canopy	
cover.	 Open	 forest	 stands	 were	 characterized	 by	 a	 high	 canopy	
openness	and	the	absence	of	a	shrub	layer.	In	each	forest	stand,	ex-
perimental	plots	were	installed	at	c.	2 m	from	the	south-facing	for-
est	edge	and	 in	 the	 forest	 interior	 (minimal	distance	of	50 m	 from	
any	forest	edge).	In	total,	20	experimental	plots	(5	regions × 2	forest	
types × 2	plots	per	forest	type)	were	established.

All	experimental	plots	contained	nine	mesocosm	communities	
(Figure 2c),	each	composed	of	 four	 individuals	 (replicates)	of	 four	
different	species	randomly	planted	in	a	rectangular	grid	of	4 × 4.	In	
total,	the	experiment	encompassed	180	mesocosms	(5	regions × 2	
forest	types × 2	plots	per	forest	type × 9	mesocosms	per	plot),	2880	
individuals	(180	mesocosms × 4	species × 4	individuals)	and	240	in-
dividuals	per	species	(12	replicates × 20	experimental	plots).	Species	
were	transplanted	into	mesocosm	boxes	(21.5 L	plastic	containers	
of	 30 × 40 cm	 with	 drainage	 holes	 covered	 by	 a	 root	 cloth)	 that	
contained	 the	 same	 potting	 soil	 everywhere	 (85%	peat	 and	 15%	
coconut	fiber,	containing	slow-release	fertilizer	15:8:11:2 of	nitro-
gen,	phosphorus,	potassium,	magnesium,	5–6.5	pH-KCl,	Osmocote	
Exact	Low	Start	16–18 M,	ICL	Specialty	Fertilizers,	Geldermalsen,	
The	 Netherlands).	 Thus,	 any	 potential	 effects	 induced	 by	 differ-
ences	in	soil	conditions	were	ruled	out	to	exclusively	study	signals	
caused	by	gradients	in	macroclimate,	microclimate,	and	forest	den-
sity.	The	species	Alliaria petiolata,	Geranium robertianum,	Geranium 
sylvaticum,	 and	Poa nemoralis	were	 grown	 from	 seeds	 and	 trans-
planted	as	seedlings.	All	other	species	were	planted	as	mature	indi-
viduals	or	as	rhizomes	derived	from	natural	populations	in	Belgium	
(Gontrode).

2.4  |  Plot temperature

Near-ground	 temperatures	 at	 the	 height	 experienced	 by	 under-
storey	 herbs	 (15 cm	 height)	 were	 measured	 every	 15 min	 from	
mid-April,	2019	 in	 the	central	mesocosm	of	each	plot	with	TMS-4	
loggers	 (TOMST,	 Prague,	 Czech	 Republic)	 (Maclean	 et	 al.,	 2021; 
Wild	et	al.,	2019).	We	compiled	2 years	of	growing-season	tempera-
ture	data	 (April–September)	 spanning	 three	growing	seasons	 (May	

2019–April	2021)	and	calculated	the	mean	growing-season	tempera-
ture	for	each	plot	(Wei	et	al.,	2023).	Since	we	did	not	have	a	complete	
month	of	temperature	data	 in	April	2019,	we	additionally	 included	
temperature	data	for	April	2021	to	have	a	fully	balanced	set	of	tem-
perature data.

2.5  |  Plant measurement

During	 the	 growing	 season	 (April–September)	 of	 2019,	 2020	 and	
2021,	we	recorded	the	survival	and	flowering	probability	(whether	
it	 flowered	 or	 not)	 for	 each	 individual	 in	 the	 experiment	 (Wei	
et	 al.,	2023).	 For	 all	 surviving	 individuals,	 we	measured	 the	 natu-
ral	 height	 (without	 stretching	 the	 plant)	 and	 estimated	 the	 cover	
(Pérez-Harguindeguy	et	al.,	2013).	Summer-flowering	species	were	
measured	 in	 July	 2019,	 2020	 and	 2021.	 Spring-flowering	 species	
were	measured	in	April	and	May	2020	and	2021.	We	also	counted	
the	 number	 of	 flowers	 or	 inflorescence	 units	 for	 each	 flowering	
individual.

2.6  |  Data analysis

The	warming	 tolerance	of	 species	 j in plot i	 (ΔTniche,ij)	 is	 a	 thermal	
vulnerability	 index	 and	 was	 calculated	 here	 following	 Deutsch	
et	al.	(2008):

where TWLi	is	the	inferred	growing-season	warm	limit	(WL)	tempera-
ture	(0.95	percentile	of	the	thermal	niche	range)	of	species	i across its 
entire	range	in	Europe,	and	TISj	is	the	growing-season	(April–September)	
mean	in-situ	(IS)	forest	temperature	of	plot	j.	Therefore,	both	TWLi and 
TISj and were calculated considering the local microclimatic conditions 
of	the	focal	plot	and	across	the	distribution	of	the	focal	species.

For	each	of	the	five	performance	indices	we	measured	(i.e.,	sur-
vival,	growth,	ground	cover,	flowering	probability	and	flower	num-
ber),	we	first	modeled	the	response	of	each	performance	 index	to	
ΔTniche	across	all	12	species	together,	assuming	both	linear	and	flex-
ible	 shape-curves	using	 generalized	 linear	mixed	models	 (GLMMs)	
and	generalized	additive	models	(GAMMs),	respectively,	with	“meso-
cosm”,	“sampling	year”	and	“species”	as	random	intercept	terms.	We	
then	modeled	 species-specific	 responses	 to	ΔTniche	 using	GLMMs.	
Because	data	on	flowering	probability	and	flower	number	were	not	
sufficient	for	certain	species	(e.g.	G. sylvaticum,	A. petiolata,	V. minor,	
G. robertianum),	we	only	modeled	the	responses	of	these	two	indices	
across	species.	In	addition,	we	only	modeled	GAMMs	across	species	
to	 test	whether	 the	 complex	 non-linear	 relationships	 can	 be	 cap-
tured	based	on	the	larger	sample	sizes	when	pooling	species	together	
(Wood,	2017).	We	used	a	binomial	error	distribution	for	survival	and	
flowering	 and	 a	Gaussian	 error	 distribution	 for	 growth,	 cover	 and	
flower	number.	To	investigate	whether	the	results	remained	robust	
irrespective	of	cutoff	threshold	(0.99	percentile	vs.	0.95	percentile),	

ΔTniche,ij = TWLi − TISj ,
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    |  7 of 15WEI et al.

we	also	 applied	 all	 the	GLMMs	and	GAMMs	 to	ΔTniche,	 calculated	
using	the	0.99	percentile	of	the	realized	thermal	niche;	the	results	
were	very	similar	indeed	(Figure S1).	For	GLMMs,	the	“lme”	function	
in	lme4	R	Packages	was	applied,	and	the	“gamm”	function	in	gamm4	
package	was	 used	 for	 GAMMs.	 Finally,	 we	 estimated	 across-	 and	
within-species	responses	to	distance	to	forest	edge,	forest	structure	
and	macroclimate	(mean	site	temperature	of	the	five	sites)	using	all	
two-way	interactions	in	the	GLMMs.

To	additionally	capture	extreme	values	that	might	have	a	signif-
icant	impact	on	plant	performance,	we	also	calculated	ΔTniche using 
the	0.95	percentile	maximum	value	of	the	in	situ	plot	growing	season	
temperature	 (here,	 referred	 to	 as	ΔTniche_max),	 and	 assessed	 its	 ef-
fects	on	species	performance	using	the	same	statistical	methods	as	
described	above	(see	Result	S1; Figures S2 and S3).

3  |  RESULTS

3.1  |  ΔTniche characteristics

From	 the	 coldest	 (Central	 Sweden)	 to	 the	 warmest	 (Italy)	 region	
(Figure 4a),	the	ΔTniche	ranged	from	−2	to	+6°C	among	the	12	stud-
ied	species.	The	mean	ΔTniche across all the species within a given 
region	was	significantly	different	between	the	five	regions	(except	

for	a	non-significant	difference	between	Central	and	South	Sweden)	
based	 on	 Tukey	 test	 for	 pair-wise	 comparisons	 (p < .05),	 with	 the	
mean ΔTniche values across species within a given region ranging 
from	+4.54 ± 0.94°C	 in	 the	coldest	 region	 to	−1.52 ± 1.10°C	 in	 the	
warmest	 region.	 The	 warmest	 region	 of	 Italy	 (mean	 microclimate	
temperature	 of	 19.16°C	 during	 the	 growing	 season)	 was	 +1.5°C	
warmer	than	the	mean	warm	limits	across	all	12	species	(17.66°C).	
Only	 for	 the	 most	 warm-adapted	 species	 (V. minor and G. rober-
tianum)	 temperatures	 in	 Italy	were	close	 to	 the	warm	 limit	 (ΔTniche 
close	to	0).	The	mean	microclimate	temperature	in	France	(16.17°C	
in	the	growing	season)	was	comparable	to	temperatures	at	the	warm	
limit	(ΔTniche	close	to	0)	for	the	most	cold-adapted	species	(G. sylvati-
cum,	A. nemorosa and O. acetosella).

When	estimating	ΔTniche	based	on	 forest	structure	 (dense	vs.	
open)	or	distance	to	forest	edge	 (Figure 4b,c),	 the	ΔTniche ranged 
from	−1°C	to	+4°C	among	the	12	species.	The	mean	ΔTniche was 
lower	 at	 forest	 edge	 or	 in	 open	 forests	 in	 each	 species,	 due	 to	
a	 locally	warmer	microclimate.	This	was	because,	the	ΔTniche	of	a	
species	was	calculated	as	the	temperature	difference	between	its	
warm	 limit	 temperature	 and	 the	 plot	 temperature.	 As	 the	warm	
limit	of	a	species	was	fixed	in	the	definition	used	here,	the	lower	
ΔTniche	 observed	at	 the	 forest	edge	was	attributed	 to	 the	higher	
in-situ	measured	temperature	in	forest	edges	than	in	forest	inte-
riors.	The	mean	ΔTniche	across	all	12	species	for	the	edge-interior	

F I G U R E  4 The	mean	and	standard	error	(SE)	of	ΔTniche	value	for	each	species	depending	on	(a)	the	region	along	the	latitudinal	gradient,	(b)	
forest	structure	(dense	vs.	open	forests)	and	(c)	distance	to	forest	edge	(edge	vs.	interior).	Species	are	ordered	along	an	“indicative	gradient”	
based	on	the	warmest	limit	of	their	thermal	niches	from	cold	to	warm.	This	ordering	does	not	take	into	account	local	adaptation.	Species	
code:	AllPet,	Alliaria petiolata;	AllUrs,	Allium ursinum;	AneNem,	Anemone nemorosa;	CarSyl,	Carex sylvatica;	DesCes,	Deschampsia cespitosa; 
GerRob,	Geranium robertianum;	GerSyl,	Geranium sylvaticum;	GeuUrb,	Geum urbanum;	OxaAce,	Oxalis acetosella;	PoaNem,	Poa nemoralis; 
UrtDio,	Urtica dioica;	VinMin,	Vinca minor.
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8 of 15  |     WEI et al.

difference	was	−0.29°C,	and	for	the	open-dense	difference,	it	was	
−0.33°C.

3.2  |  Effects of ΔTniche on the performance of 
understory plants

We	found	a	 linearly	 increasing	percentage	of	ground	cover,	height	
and	flowering	probabilities	in	response	to	ΔTniche across all 12 spe-
cies	 (Figure 5b–d).	 For	 species	 survival	 and	 number	 of	 flowers	
(Figure 5a,e),	we	did	not	find	a	significant	linear	response,	but	a	sig-
nificant	non-linear	response	to	ΔTniche.

At	the	species-specific	 level,	patterns	showed	 idiosyncratic	 re-
sponses to ΔTniche depending on the species identity and the per-
formance	index	(Figure S4).	The	five	performance	indices	of	the	two	
cold-adapted	 species	G. sylvaticum and A. ursinum showed consis-
tently positive responses to ΔTniche,	and	one	species—D. cespitosa—
showed consistently negative responses to ΔTniche.	On	the	contrary,	
the	survival	of	the	cold-adapted	species	A. nemorosa decreased but 
its	height	and	flowering	probability	 increased	with	ΔTniche,	and	the	
survival	 of	 another	 cold-adapted	 species—O. acetosella—increased 
but its height decreased with ΔTniche.	 In	 addition,	 with	 regards	 to	
most	warm-adapted	species,	 the	five	performance	 indices	showed	
no	statistically	significant	responses	to	ΔTniche,	except	for	two	spe-
cies,	G. urbanum and G. robertianum,	whose	survival	decreased	with	
higher ΔTniche.

3.3  |  Responses of understory plants to micro- and 
macro-climate

Concerning	the	interaction	effects	of	distance	to	forest	edge/struc-
ture	with	macroclimate	on	species	performance	in	general	across	all	
12	studied	species,	the	survival	and	height	showed	lower	values	at	
the	forest	edge	than	in	the	forest	interior	in	warmer	macroclimates.	
Meanwhile,	 all	 the	 five	performance	 indices	 (except	 the	 flowering	
probability)	were	 lower	 in	open	than	 in	dense	forests	 in	a	warmer	
macroclimate.	The	direction	of	species-specific	responses	to	the	in-
teraction	effect	of	distance	to	forest	edge/structure	with	macrocli-
mate	was	similar	to	the	general	pattern	across	all	species	(see	more	
details in Result S2 and Table S1).

4  |  DISCUSSION

Here,	we	demonstrated	that	the	magnitude	of	ΔTniche	for	several	un-
derstory	 plant	 species	was	mainly	 affected	by	macroclimate,	with	
the	forest	canopy	playing	a	significant	role	in	buffering	the	microcli-
mate.	In	general,	across	all	12	studied	species,	our	findings	support	
the	general	hypothesis	that	plant	performance	(growth	and	repro-
duction)	decreased	when	local	temperature	conditions	are	too	close	
or	 even	exceed	 the	warmer	 limit	of	 species	 (i.e.,	ΔTniche decreases 
and	 becomes	 negative).	 However,	 species-specific	 responses	 may	
vary	 depending	 on	 the	 combination	 of	 the	 species	 identity	 and	

F I G U R E  5 Responses	of	survival,	percentage	ground	cover,	plant	height,	flowering	probabilities	and	the	number	of	flowers	per	individual	
to ΔTniche	across	all	12	species.	The	red	lines	indicate	generalized	linear	mixed	models	(GLMMs),	the	blue	lines	generalized	additive	models	
(GAMMs),	dashed	lines	indicate	non-significant	effects	(with	p > .05).	Within-species	responses	are	also	indicated	in	grey	lines	(each	line	is	
the	fit	of	the	GLMM	of	one	species).	For	survival,	density	side-plots	were	added	to	visualize	the	distribution	of	the	data.
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    |  9 of 15WEI et al.

performance	index.	Finally,	we	highlighted	the	role	of	microclimate,	
particularly	 in	dense	 forest	 structures,	 in	providing	potential	 tran-
sient	microrefugia	for	understory	species	in	warmer	regions.

4.1  |  ΔTniche characteristics

Our	study	is	the	first	that	quantifies	ΔTniche	of	multiple	understory	
plant species across various transplanted populations based on mi-
croclimate	temperature	data.	The	ΔTniche	index	directly	reflects	the	
thermal	distance	to	the	warm	limit	of	a	given	species'	population	at	a	
given	location.	Specifically,	our	study	demonstrated	that	the	ΔTniche 
of	12	understory	plant	species	typical	of	European	temperate	for-
ests,	was	strongly	affected	by	the	macroclimatic	differences	among	
regions	 and	 to	 a	 lesser	 extent,	 by	microclimatic	 conditions	within	
a	given	forest	stand	(cf.	distance	to	the	edge	and	stand	structure).	
We	found	large	differences	in	ΔTniche	(mean	values	ranging	from	−2	
to +6°C)	among	species,	and	the	ΔTniche	values	of	all	species	were	
less	 positive	 than	 expected,	which	 can	 likely	 be	 attributed	 to	 the	
warmer	growing	seasons	experienced	in	2019	and	2020	compared	
to	the	long-term	climatic	average	(i.e.,	average	climatology	over	the	
baseline	period	of	1979–2013).	Moreover,	the	mean	growing-season	
temperature	of	France	during	this	study	was	similar	to	the	temper-
ature	 at	 the	warm	 limit	 of	 the	most	 cold-adapted	 species	 (e.g.,	G. 
sylvaticum,	A. nemorosa and O. acetosella),	and	that	of	Italy	was	simi-
lar	to	the	temperature	at	the	warm	limit	of	the	most	warm-adapted	
species	in	this	study	(V. minor and G. robertianum).	Our	finding	that	
cold-adapted	species	are	approaching	their	temperature	limits	while	
warm-adapted	species	still	maintain	a	tolerance	range	has	significant	
ecological	implications.	For	example,	cold-adapted	species	may	face	
challenges	in	adapting	to	rising	temperatures,	leading	to	reduced	fit-
ness	and	potential	population	decline	(Lenoir	et	al.,	2010),	which	can	
contribute to decreased biodiversity and altered ecological interac-
tions	 (Parmesan,	2006).	 Furthermore,	 the	 decline	 or	 loss	 of	 cold-
adapted	 species	 may	 impact	 important	 ecosystem	 functions	 and	
services	such	as	nutrient	cycling	and	carbon	sequestration	(Franklin	
et	al.,	2016).	Previous	large-scale	studies	on	estimating	the	thermal	
limits	of	species	were	mainly	based	on	geographical	range	(i.e.,	ΔT 
distance)	along	latitude	or	altitude	(e.g.,	Gazol	et	al.,	2015;	O'Sullivan	
et	al.,	2017).	For	example,	the	study	by	Feeley	et	al.	(2020)	based	on	
an	altitudinal	gradient	showed	that	cold	species	from	highland	for-
est	communities	had	 lower	 thermal	optima	and	maxima	compared	
to	 species	 from	 hotter	 lowland	 forests.	 Yet,	 based	 on	 our	ΔTniche 
quantification,	the	warm	range	limit	was	shown	directly	in	terms	of	
temperature conditions with ΔTniche	reaching	zero	or	being	negative	
when	the	in	situ	temperature	is	equal	to	or	exceeds,	respectively,	the	
warm	limit	of	the	species'	thermal	niches.	This	represents	a	signifi-
cant	advance	in	our	understanding	of	plant	responses	to	warming,	
enabling	more	accurate	 forecasting	of	 the	 temperature	 thresholds	
at	 which	 species	 are	 expected	 to	 exhibit	 reduced	 performance.	
Moreover,	the	concept	of	ΔTniche provides a practical tool to predict 
and	monitor	warming	impacts	considering	microclimate,	which	has	
been	 previously	 unexplored.	 For	 example,	 it	 helps	 identify	 which	

species	are	closer	to	or	exceed	their	warming	tolerance	and	are	more	
likely	to	be	negatively	influenced	by	warming	at	a	certain	location.	
This	information	could	support	effective	conservation	and	manage-
ment	strategies	to	mitigate	the	negative	effect	of	climate	change	on	
plant	biodiversity	and	ecosystem	functioning.

We	found	consistently	lower	ΔTniche	(i.e.,	less	positive	values)	in	
forest	edges	and	in	open	forests	than	in	forest	interiors	and	closed	
forests,	 respectively,	 for	each	 species.	This	was	due	 to	 the	higher	
mean	temperature	conditions	in	forest	edges	or	in	open	forests	than	
in	forest	interiors	or	in	closed	forests,	respectively,	pointing	out	the	
microclimate	buffering	role	of	the	forest	canopy.	These	findings	are	
very	consistent	with	former	studies	showing	that	the	maximum	as	
well	as	the	average	temperature	were	cooler	by	around	2°C	inside	
than	 outside	 forests	 across	 Europe	 (De	 Lombaerde	 et	 al.,	 2022; 
Haesen	et	al.,	2021;	Zellweger	et	al.,	2019).	Furthermore,	we	found	
that ΔTniche	 was	 significantly	 lower	 in	 open	 than	 in	 dense	 forests	
but	 only	 in	 the	warmest	 region	of	 the	 studied	 latitudinal	 gradient	
(i.e.,	 Italy).	This	 is	also	consistent	with	previous	 findings	 that	 sum-
mer	temperatures	at	weather	stations	and	below	the	forest	canopy	
differed	 less	 towards	higher	 latitudes	 (Graae	et	al.,	2012;	 von	Arx	
et	al.,	2012).

4.2  |  Effects of ΔTniche on the performance of 
understory plants

Our	study	demonstrated	that	decreasing	ΔTniche,	towards	the	point	
at	which	 local	 temperature	 exceeds	 the	warmer	 limit	 of	 the	 focal	
species,	 resulted	 in	 decreased	 plant	 performance	 (except	 for	 sur-
vival	and	number	of	flowers)	across	species.	Similar	to	our	results,	a	
decrease	in	seed	viability,	tree	growth	and	heat	tolerance	with	de-
creasing latitudes or elevations were observed in previous studies 
(Gazol	et	al.,	2015;	O'sullivan	et	al.,	2017;	Slot	et	al.,	2021;	Verheyen	
et	 al.,	 2009).	 Thermal	 stress	 can	 change	 plant	 physiological	 pro-
cesses	(e.g.,	photosynthesis,	metabolite	production),	phenology	(e.g.,	
timing	of	flowering),	demography	(e.g.,	rates	of	survival,	growth	and	
reproduction)	and,	ultimately,	 result	 in	 reduced	growth	and	repro-
duction	of	plant	species	(Nievola	et	al.,	2017;	Urban,	2015;	Warren	
et	al.,	2018).	In	particular,	the	mean	April–September	temperatures	
of	our	five	studied	regions	fall	within	the	warmer	portion	of	each	of	
the	12	 studied	 species'	 thermal	niche,	 as	 shown	 in	Figure 3.	 Even	
plots	located	in	the	coldest	region	(Sweden)	of	our	studied	latitudinal	
gradient are close to the thermal optimum or in the warmer por-
tion	of	the	thermal	niches	of	each	of	the	12	species	analysed	here.	
Therefore,	 the	observed	decreasing	trend	 in	plant	performance	as	
ΔTniche	decreases,	was	expected.	Detecting	the	significant	effects	of	
ΔTniche on plant growth and reproduction across species in our rela-
tively	short-term	study	is	a	important	finding,	as	it	suggests	that	the	
impact	on	these	species	is	expected	to	increase	over	the	long	term.

However,	 an	 overall	 decrease	 in	 plant	 species	 survival	 with	
decreasing ΔTniche	was	not	detected	 in	our	 study.	Previous	stud-
ies	 have	 shown	 that	 under	 rising	 temperatures,	 certain	 species	
are	 unable	 to	 survive	 or	 establish	 (Harsch	 et	 al.,	 2009;	 Kelly	 &	
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Goulden,	2008;	 Kueppers	 et	 al.,	2017;	 Salzer	 et	 al.,	2009;	 Shay	
et	al.,	2021);	other	 studies	have	 found	a	non-significant	 correla-
tion between species survival or distribution changes and climate 
warming	(e.g.,	Foster	&	D'Amato,	2015;	Van	Bogaert	et	al.,	2011),	
despite	 generally	 steep	 temperature	 gradients	 (Beauregard	 &	
Blois,	 2016;	 Lenoir	 &	 Svenning,	 2015).	 Some	 previous	 stud-
ies,	 though	 focusing	 on	 tree	 species,	 also	 reported	 limited	 de-
mographic	 declines	 and	 retraction	 in	 the	 distribution	 of	 many	
temperate	 trees	 under	 increasing	 climatic	 warming,	 suggesting	
sustained	 demographic	 resilience	 to	 climatic	 impacts	 (Carnicer	
et	al.,	2021;	Dittmar	et	al.,	2003;	Granda	et	al.,	2018;	Hacket-Pain	
&	 Friend,	2017).	 Other	 studies	 suggest	 that	 plant	mortality	 is	 a	
stochastic	phenomenon	(Coppi	et	al.,	2022;	Franklin	et	al.,	1987)	
and	there	may	be	a	time	lag	between	episodic	stressful	conditions	
and	mortality	responses	(Cailleret	et	al.,	2017;	Jump	et	al.,	2017; 
Sanczuk	et	al.,	2022).	Yet,	we	also	cannot	exclude	the	possibility	
that	there	might	be	a	delay	in	the	response	of	species	in	terms	of	
survival	 rate.	 Hence,	 a	 long-term	 study	may	 be	 needed	 here	 to	
confirm	or	not	our	preliminary	findings.

It	 is	 generally	 assumed	 that	 species	 which	 have	 originated	 in	
colder	 regions	 are	 sensitive	 to	 warming	 effects,	 and	 others	 from	
warmer	regions	are	more	tolerant	to	or	favored	by	warming	(Nievola	
et	al.,	2017).	The	decreased	survival	of	two	warm-adapted	species	
(i.e.,	G. urbanum and G. robertianum)	with	increasing	ΔTniche,	and	the	
increased	survival,	growth	or	reproductive	performance	of	two	rel-
atively	cold-adapted	species	(i.e.,	G. sylvaticum and A. ursinum)	were	
consistent	with	this	hypothesis.	However,	the	cold-adapted	species	
were	not	always	sensitive	to	or	positively	affected	by	warming.	The	
survival	of	some	cold-adapted	species	(A. nemorosa and D. cespitosa)	
even showed negative responses to increasing ΔTniche.	Yet,	the	neg-
ative	 responses	of	 cold-adapted	 species	 to	warming	could	also	be	
found	in	many	previous	studies.	However,	these	studies	have	mainly	
focused	 on	 tree	 species	 and	 thermal	 niche	 optima.	 For	 example,	
several	 studies	 showed	 that	 the	 responses	of	 cold-habitat	 species	
(Dahlberg	 et	 al.,	 2014;	 Greiser	 et	 al.,	 2019)	 to	 temperature	 were	
either	 lacking	 or	 positive,	 indicating	 no	 direct	 temperature	 limita-
tion	at	the	warm	range	margin	of	species.	This	suggests	that	factors	
other	than	warm	temperatures,	such	as	low	precipitation,	light	lim-
itations,	 biotic	 interactions,	 or	 a	 lack	of	 nutrients,	may	play	 a	 role	
in	determining	a	 species	performance	within	 the	 thermal	niche	of	
species	(Allen	et	al.,	2015;	Greiser	et	al.,	2021;	Normand	et	al.,	2009; 
Soudzilovskaia	 et	 al.,	 2020).	 Some	 authors	 explained	 that	 a	 high	
degree	of	phenotypic	plasticity	could	reduce	the	adverse	effect	of	
changing	 temperatures.	Moreover,	concerning	previous	studies	on	
understory	plants	 in	Europe,	A. nemorosa was the most commonly 
studied	species	among	our	12	species.	We	found	decreased	survival	
of	A. nemorosa to ΔTniche	 corroborating	 results	of	previous	 studies	
(De	Frenne,	Brunet,	et	al.,	2011;	Depauw	et	al.,	2022;	Vangansbeke	
et	 al.,	 2022).	 Besides,	 only	 three	 species	 showed	 consistent	 re-
sponses	 of	 the	 five	 performance	 indices	 to	 ΔTniche	 (G. sylvaticum 
and A. ursinum a positive response and D. cespitosa a negative re-
sponse).	On	the	other	hand,	there	were	species	whose	survival	and	
growth showed contrasting responses among the indices we used to 

measure	plant	performance,	either	with	 increased	survival	but	de-
creased	growth/flowering	(O. acetosella)	or	vice	versa	(A. nemorosa; 
G. robertianum).	Some	previous	studies	(e.g.	Benavides	et	al.,	2015)	
mentioned	 that	 this	 might	 refer	 to	 survival-growth/reproduction	
trade-offs	 which	 may	 potentially	 counterbalance,	 at	 the	 species	
level,	the	negative	effect	of	warming	on	survival,	as	long	as	the	ex-
posure	to	climate	change	does	not	exceed	a	certain	threshold.

Finally,	the	idiosyncratic	responses	of	species	to	warming	were	
also	detected	 in	previous	 studies,	 in	 terms	of	 emergence	and	 sur-
vival,	flower	and	leaf	phenology	or	phylogenetic	patterns	(Buonaiuto	
&	Wolkovich,	2021;	 Kueppers	 et	 al.,	2017;	 Slot	 et	 al.,	2021;	 Stahl	
et	al.,	2014).	We	suggest	this	might	be	because	plants	have	thermal	
regulatory	and	adaptive	strategies	and	plasticity.	Plant	species	with	
similar	warm	limits	along	their	thermal	niche	might	have	different	leaf	
sizes,	shapes	and	morphology	and	thus	display	divergent	adaptation	
and	plasticity	to	warming	despite	sharing	the	same	warm	limit	 (De	
Frenne,	Brunet,	et	al.,	2011).	For	example,	some	plant	species	can	
adapt	to	hot	and	dry	conditions	by	reducing	leaf	area	or	developing	
thicker	cuticles	to	keep	moisture,	or	can	reduce	water	use	by	grow-
ing	deeper	roots	(Schenk	&	Jackson,	2002).	Some	may	produce	heat-
shock	proteins	 to	protect	photosynthesis	 from	heat	 stress,	or	 can	
bloom earlier during the vegetation period as temperatures warm up 
(Gasperini	et	al.,	2023;	Larcher,	2003;	McDowell	et	al.,	2008).	This	
might	 induce	 different	 and	 unpredictable	 species-specific	 perfor-
mance	responses	to	 increasing	warming	(Fauset	et	al.,	2018;	Leigh	
et	al.,	2017;	Michaletz	et	al.,	2015;	Nievola	et	al.,	2017).

5  |  CONCLUSIONS

Using	a	continental-extent	transplant	experiment,	we	showed	that	
the	observed	variation	 in	plant	species	warming	tolerance	 (ΔTniche)	
relative	 to	 their	warm	 limit	was	mostly	 affected	 by	macroclimatic	
differences	between	 regions,	with	all	 studied	 species	 successively	
reaching	their	warm	range	limit	(ΔTniche = 0)	in	the	warmest	regions	of	
the	studied	latitudinal	gradient.	Yet,	the	lower	ΔTniche	in	forest	edges	
and	 in	 open	 forests	 for	 each	 species	 indicated	 that	 microclimate	
buffering	 plays	 a	 role	 in	 determining	 plant	 species	warming	 toler-
ance	relative	to	their	warm	limit.	In	general,	across	all	12	studied	spe-
cies,	we	demonstrated	decreased	plant	performance—reduced	plant	
height,	 cover	 and	 flowering	 probability—with	 decreasing	 ΔTniche. 
Warming	may	thus	lead	to	a	decrease	in	future	plant	performance	at	
these	species'	warm	range	limits.	While	relationships	across	species	
offer	valuable	insights,	we	recognize	that	implications	for	plant	per-
formance	may	differ	within	species	due	to	factors	as	 local	adapta-
tion,	genetic	variability,	and	phenotypic	plasticity.	Further	long-term	
research	is	required	on	within-species	dynamics	and	their	effects	on	
plant	performance	in	a	warming	climate.	Finally,	to	our	knowledge,	
our	study	is	the	first	to	reveal	the	role	of	microclimate,	particularly	
dense	 forest	 structure,	 in	 relaxing	 the	 exposure	 to	 macroclimate	
warming	that	is	likely	to	reduce	the	warming	tolerance	of	understory	
plant	species	relative	to	their	warm	range	limits.	This	highlights	the	
importance	of	considering	microclimate	when	studying	the	 impact	
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of	macroclimate	warming,	though	the	impact	of	microclimatic	pro-
cesses to mitigate macroclimate warming may be smaller than when 
moving	 from	 southern	 to	 northern	 Europe	 (macroclimate).	 Even	
though	our	study	has	already	included	a	diverse	set	of	common	un-
derstory	plant	species	of	temperate	forests	across	Europe	to	repre-
sent	the	thermal	niche	variation,	we	suggest	studying	the	warming	
tolerance,	 through	 transplant	 experiments,	 of	 more	 plant	 species	
and	take	the	potential	of	species'	local	adaption	into	account	to	test	
our	hypothesis	on	the	potential	and	usefulness	of	ΔTniche in predict-
ing	plant	species	performance	under	climate	warming.

Our	 study	 suggests	 that	 to	manage	 and	 conserve	 biodiversity	
under	 future	 climate	warming,	 quantifying	 plant	 species'	warming	
tolerance relative to their warm limits and protecting areas within 
their	warm	limit	is	essential.	Moreover,	conservation	efforts	should	
prioritize	areas	and	habitats	where	the	temperature	is	close	to	the	
warm	 limit	 of	 species'	 thermal	 niche	 (ΔTniche	 close	 to	 0),	 such	 as	
closed-canopy	 forests	 at	 the	 warm	 margin	 of	 cold-adapted	 plant	
species. Microclimate should be integrated into land management 
planning,	 conservation	 strategies,	 as	 well	 as	 into	 efforts	 to	 con-
serve	and	restore	forest	habitats	as	potential	microrefugia	for	plant	
species	 at	 the	warm	margin	 of	 their	 range.	 This	may	only	 happen	
through	coordinated	and	collaborative	efforts	between	land	manag-
ers,	conservation	organizations,	and	policymakers.
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