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Abstract
Question: Climate change induces shifts in species distributions, ultimately changing 
community composition. Mountains are especially sensitive to climate change, and 
tree species are predicted to move towards higher elevations, but observed changes 
are not always unidirectional. The diversity and complexity of tropical and subtropical 
systems limits our understanding of climate- induced responses of subtropical moun-
tain	forests.	Here,	we	investigated	migration	trends	in	tree	community	composition	
along an elevational gradient, and between the transition from lowland to montane 
forests in subtropical forests.
Location: Brazilian	Atlantic	Forest.
Methods: We	used	 thermal	affiliations	of	627	 tree	species	 to	calculate	community	
temperature	scores	 (CTS)	 for	different	 life-	history	stages	of	 trees	 in	96	permanent	
plots.	We	compared	CTS	of	different	life-	history	stages	across	space	and	time.
Results: Most	tree	communities	(58%)	did	not	show	a	significant	difference	of	CTS	be-
tween	life-	history	stages,	indicating	a	non-	migration	trend.	On	the	other	hand,	27%	of	
tree	communities	showed	upward	migration	and	15%	downward	migration.	Upward	
migration was more common in montane forests, and downward migration in lowland 
forests. Our temporal analysis shows significant changes in CTS values for juvenile 
communities with 0.36°C decrease in lowland forests and 0.34°C increase in montane 
forests.
Conclusions: Contrasting results between lowland and montane forest communities 
indicate	 that	 the	 transition	zone	 influences	migration	patterns	and	may	 reflect	dif-
ferences in species’ thermal limitations, as well as by non- thermal factors such as bi-
otic interactions. Our findings provide the first evidence of climate change- induced 
community	 shifts	 in	 the	 Brazilian	 Atlantic	 Forest.	 We	 demonstrated	 that	 upward	
migration trends were predominantly observed in montane–upper mountain for-
ests, while downward migrations were noted in lowland–submontane forests. The 
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1  |  INTRODUC TION

Global climate change impacts species’ distribution, promoting shifts 
in community composition that may impact community patterns, 
reassembly	 processes,	 and	 biotic	 interactions	 (Bellard	 et	 al.,	 2012; 
Lamprecht et al., 2018;	Wilson	et	al.,	2021;	Watts	et	al.,	2022).	As	
the planet shifts towards a warmer climate, tree species are pre-
dicted to move towards cooler latitudes and higher elevations in 
most	regions	of	the	world	(Thuiller	et	al.,	2005).	Indeed,	many	shifts	
towards	 higher	 elevations	 have	 been	 observed	worldwide	 (Kelly	 &	
Goulden, 2008; Feeley et al., 2011;	 Morueta-	Holme	 et	 al.,	 2015; 
Rumpf et al., 2018);	however,	changes	are	not	always	unidirectional	
(O'Sullivan	et	al.,	2021).	Studies	have	also	observed	downward	migra-
tions	(Lenoir	et	al.,	2010; Crimmins et al., 2011)	and	no	evidence	of	
range	shifts	(Zhu	et	al.,	2012),	despite	changes	in	climate.	There	is	evi-
dence	that	higher	elevations	are	warming	faster	than	lowlands	(Loarie	
et al., 2009; Pepin et al., 2022),	and	thus	migration	rates	could	vary	
along	the	elevation	gradient.	As	a	consequence,	upward	migrations	
may be more evident at higher elevations, leading to shifts in commu-
nity composition towards warm- adapted species. On the other hand, 
species from lowlands are generally able to tolerate warmer tempera-
tures	and	can	persist	at	lower	elevations	(Freeman	et	al.,	2018)	with-
out the need to migrate due to rises in temperature. Our knowledge 
on elevational shifts in tropical and subtropical mountain regions is 
restricted	to	few	studies	focusing	on	the	Andes	and	in	mountain	for-
ests	 in	Taiwan	 (Feeley	et	al.,	2011;	Fadrique	et	al.,	2018;	O'Sullivan	
et al., 2021).	These	regions	deserve	more	attention	due	to	their	high	
levels of species diversity and complexity.

Mountain ecosystems are especially sensitive to climate change 
given the high climate variation within small spatial distances. In 
mountain regions tree species are shifting their distribution due 
to	 climate	warming	 (Parmesan	&	Yohe,	2003; Feeley et al., 2013; 
Steinbauer et al., 2018).	This	phenomenon	is	called	‘thermophiliza-
tion’ and represents a shift in the relative dominance of species at 
higher	 elevations,	 characterized	 by	 an	 increase	 of	 species	 previ-
ously	centred	at	 lower	and	warmer	elevations	(Duque	et	al.,	2015; 
Fadrique	et	al.,	2018).	Steep	climatic	gradients	across	elevation	with	
distinct	vegetation	types	in	ecotonal	zones	may	provide	early	signs	
of	climate-	induced	changes	in	tree	species	distribution	(Noble,	1993; 
Beckage et al., 2008).	Thus,	ecotonal	zones	are	relevant	ecological	
indicators of shifts in species composition due to the impact of 
climate change. Ecotones could also act as barriers for species mi-
grations	by	 reducing	colonization	 rates	and	 favouring	 the	 stability	
of	 existing	 communities	 (Lutz	 et	 al.,	 2013;	 Fadrique	 et	 al.,	 2018).	

Moreover, elevational shifts may be much slower than expected, 
particularly	 in	regions	with	warm	climates	 (Lenoir	et	al.,	2020),	 re-
sulting in tree distribution changes lagging behind the pace of cli-
mate	change	(Renwick	&	Rocca,	2015).

Data from species’ distribution across the entire elevation gra-
dient are essential to show accurate trends in species migration. 
Long- term monitoring data can provide accurate responses at local 
and regional scales, by incorporating sensitivity and adaptive ca-
pacity of species to future distribution. If species are changing their 
distribution, analysis of repeated measures over time can reveal the 
magnitude of change and direction, as well as differences between el-
evation	ranges	in	mountains	(Feeley	et	al.,	2011).	However,	these	data	
are	still	scarce	for	many	biodiversity	hotspots,	such	as	the	Brazilian	
Atlantic	Forest,	limiting	our	understanding	of	ecosystem	changes	as-
sociated with shifts in species distribution due to climatic changes. 
To deal with the lack of temporal data, one can use a space- for- time 
approach in which the distribution of juvenile and adult trees from 
the same species are compared. The differences in thermal affiliation 
between juvenile and adult trees should reflect the migration of spe-
cies along the elevation gradient due to changes in climatic conditions. 
This approach can help us to predict the future of tree species’ distri-
bution	(Lenoir	et	al.,	2009;	O'Sullivan	et	al.,	2021),	especially	if	linked	
to long- term monitoring data to validate the observed spatial trend 
(Boisvert-	Marsh	et	al.,	2014).

The	 subtropical	 Brazilian	 Atlantic	 Forest	 has	 different	 forest	
physiognomies across heterogeneous environments. For example, 
along the mountain elevation gradient, forest physiognomies are 
composed	of	Atlantic	Moist	Forest,	divided	into	different	types	ac-
cording	to	altitude	(lowland	<30 m	a.s.l.,	submontane	30–400 m	a.s.l.,	
montane	400–1000 m	a.s.l.	and	upper	montane	>1000 m	a.s.l.),	and	
the	humid	temperate	mosaics	of	Araucaria	Forest	and	highland	grass-
lands	on	the	plateau	(Veloso	et	al.,	1991).	Elevation	gradient	strongly	
influences the variation in species composition, with high levels of 
beta-	diversity	between	 forest	 types	 (Bergamin	et	al.,	2012, 2017).	
Species richness decreases along the elevation gradient as most 
tropical	plant	lineages	are	restricted	to	low	and	mid-	elevations	(~400 
to	500 m	a.s.l.)	and	are	gradually	replaced	by	cold-	adapted	temper-
ate	 plant	 lineages	 towards	 higher	 elevations	 (Rambo,	 1951, 1953; 
Bergamin et al., 2021).	Recent	studies	predicted	that	the	Araucaria	
Forest will suffer a drastic reduction in its distribution under future 
climate	scenarios	(Bergamin	et	al.,	2019; Saraiva et al., 2021),	which	
may favour the expansion of surrounding tropical formations such 
as	 the	Atlantic	Moist	Forest	and	 the	Seasonal	Forest.	 Indeed,	 tree	
species	from	lower	elevations	are	already	colonizing	the	understorey	

thermophilization	of	montane	forests	may	suggest	an	increased	risk	of	reduction	for	
cold- demanding species under climate change scenarios.

K E Y W O R D S
climate change, elevation gradient, forest dynamics, migration, subtropical forests, 
thermophilization
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of	Araucaria	Forest	(Bergamin	et	al.,	2012).	This	is	in	line	with	recent	
findings of upward migration of tropical and subtropical species due 
to	increasing	temperatures	in	the	Andean	forests	(Feeley	et	al.,	2011; 
Duque	et	al.,	2015;	Fadrique	et	al.,	2018).

Here,	we	evaluate	the	effects	of	climate	change	on	the	distribu-
tion ranges and local demographic processes using species’ thermal 
affiliations in tree communities along the elevational gradient in the 
subtropical	 Brazilian	 Atlantic	 Forest	 by	 using	 two	 complementary	
approaches. First, we evaluate migration trends and changes in tree 
community composition in relation to temperature optimal niche, 
based on regional abundance data of juvenile and adults in a single- 
census	forest	monitoring,	distributed	along	an	elevation	gradient	(2–
1160 m)	in	the	Atlantic	Moist	Forest.	As	temperature	change	drives	
species distribution, we expect juvenile communities to have thermal 
affiliations to warmer temperatures higher than their respective adult 
communities as a sign of upward migration. In the second approach, 
we used long- term monitoring data from permanent plots across 
the	elevation	gradient	within	an	ecotonal	region	between	Araucaria	
Forest	and	Atlantic	Moist	Forest	to	evaluate	temporal	responses	of	
tree	species.	We	expect	an	increase	in	stem	abundance	and	growth	
of	more	thermophilic	species	(i.e.,	associated	with	warmer	tempera-
tures),	 as	 an	 indicator	 of	 currently	 more	 favourable	 conditions	 to	
them	 in	comparison	 to	species	of	colder	optimal	niches.	As	migra-
tion trends could be heterogeneous along the different ranges of 
the elevation gradient, we expect that tree communities at higher 
elevations	(above	the	transition	zone	between	lowland–submontane	
to	montane–upper	montane	 forests)	will	 shift	 upwards,	 as	 species	
are	more	temperature-	limited	to	colder	conditions.	We	also	expect	
tree communities of lower elevations will show different migration 
trends, as species from lowland may be able to tolerate increasing 
temperature over time.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

The	 study	 region	 is	 located	 in	 the	 subtropical	 Brazilian	 Atlantic	
Forest	(Figure 1).	To	evaluate	migration	trends	and	shifts	in	com-
munity composition, we used two data sets encompassing 96 per-
manent plots established in natural and unmanaged old- growth 
forests. By selecting this set of permanent plots with these charac-
teristics, we avoid potential bias that may come from afforestation 
or thinning processes. The first data set encompasses the number 
of juveniles and adult trees from the forest inventory plots of the 
Santa	 Catarina	 Forest	 and	 Floristic	 Inventory	 (hereafter	 IFFSC).	
The 88 plots are distributed along an elevation gradient within the 
Atlantic	Moist	Forest,	 systematically	 located	at	 the	 intersections	
of	a	state-	wide	10 × 10 km	grid.	The	plot	locations	range	from	2	to	
1160 m	of	elevation	and	encompass	 transitional	 forests	 from	the	
lowland	 Atlantic	Moist	 Forest	 to	montane	 Atlantic	Moist	 Forest	
(Figure 1).	The	second	data	set	includes	abundance	data	based	on	
the number and the basal area of juvenile and adult trees from per-
manent plots of the Long- term Ecological Research in Subtropical 
Atlantic	 Forest	 (hereafter	 LERSAF).	 The	 eight	 plots	 are	 located	
across	an	ecotone	between	the	sub	montane	Atlantic	Moist	Forest	
(~350 m	of	elevation)	 and	 the	Araucaria	Forest	 (~950 m	of	eleva-
tion)	(Figure 1).

Mean annual temperature has increased in the region by 0.25°C 
per	 decade	 in	 the	 last	 50 years	 (r2 = 0.56;	p < 0.01;	 Appendix	S1).	
Mean	annual	rainfall	did	not	change	over	time	 (r2 = 0.01;	p = 0.18;	
Appendix	S2).	Climate	data	were	obtained	from	Climate	Research	
Unit	 (Harris	 et	 al.,	 2014)	 at	 0.5°	 spatial	 resolution	 from	 1970	 to	
2020.

F I G U R E  1 Study	region	in	southern	
Atlantic	Forest	and	the	location	of	the	
96 inventory plots across the elevation 
gradient. Plots from the Santa Catarina 
Forest	and	Floristic	Inventory	(IFFSC)	
were used for spatial and from the Long- 
term Ecological Research in Subtropical 
Atlantic	Forest	(LERSAF)	for	temporal	
analyses.
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2.2  |  Species temperature affiliation index and 
community temperature score

To understand the temperature sensitivity of different species we 
used the temperature affiliation index of each species. Temperature 
affiliation indices for the 627 tree species occurring in our study was 
extracted	from	Klipel	et	al.	(2022).	This	index	represents	the	species’	
optimal temperature niche, and it is based on the abundance of the 
species and the annual mean temperatures across forest sites where 
the species was registered, in this case, in tree community inventories 
across	the	whole	Brazilian	Atlantic	Forest	(Klipel	et	al.,	2022).	Then,	
the index is calculated as the weighted mean of the species con-
sidering its relative density and distribution along the temperature 
gradient	 (Chen	 et	 al.,	2009; Feeley et al., 2011;	 Esquivel-	Muelbert	
et al., 2017; Klipel et al., 2022).	To	characterize	each	community	re-
garding its temperature affiliation, we calculated the community tem-
perature	score	(CTS	in°C;	see	Feeley	et	al.,	2013;	Duque	et	al.,	2015).	
The	CTS	is	the	community-	weighted	mean	(CWM)	based	on	the	tem-
perature affiliation index of all species sampled in the plot, a com-
monly	 used	 approach	 in	 trait-	based	 community	 studies	 (Ricotta	 &	
Moretti, 2011).	In	our	study,	we	calculated	the	CTS	using	either	the	
number of individuals or the stem basal area in the weighted term, 
and both were represented in the results.

2.3  |  Community change analysis based on 
single- census forest monitoring

We	 used	 a	 single-	census	 forest	 monitoring	 to	 compare	 the	
distribution of tree communities considering different life- history 
stages	to	infer	changes	in	CTS.	We	used	88	permanent	plots	from	the	
IFFSC	along	distinct	mature	forests	(Vibrans	et	al.,	2020)	distributed	
across	 an	 elevation	 gradient	 (2–1160 m	 a.s.l.;	 Appendix	 S3 shows 
the	ID	of	each	plot	and	its	distribution	along	the	elevation	gradient).	
Juveniles	 (from	 0.5	 to	 2 m	 tall)	 were	 sampled	 within	 16	 subplots	
with	total	area	of	0.04 ha	within	each	plot	and	adult	tree	individuals	
(≥10 cm	 of	 diameter	 at	 breast	 height	 [DBH]	 and	 ≥8 m	 tall)	 within	
the	 entire	 0.4-	 ha	 plots.	Here,	 juvenile	 communities	 are	 used	 as	 a	
proxy of responses to more recent climatic conditions whilst adult 
communities	 should	 reflect	 former	conditions	 (Lenoir	et	 al.,	2009; 
Zhu	et	 al.,	2014;	 Serra-	Diaz	et	 al.,	2016;	Wason	&	Dovciak,	2017; 
O'Sullivan	 et	 al.,	2021).	We	 assumed	 that	 trees	with	 distinct	 life-	
history stages have distinct ages and have faced distinct conditions 
at their critical establishment time.

We	 calculated	 the	 CTS	 for	 each	 plot	 and	 life-	history	 stage	 as	
described above. Then, we performed a paired t- test to test for dif-
ferences in CTS values between communities of the two life- history 
stages along the elevation gradient. In all analysis procedure, we 
conducted a thorough examination of the fundamental assumptions 
underlying the t- test through diagnostic plot analysis, and the data 
did	not	show	significant	departures	from	the	requisite	assumptions	
of	normality	and	homoscedasticity.	Additionally,	as	migration	trends	
may vary along the elevation gradient, we also performed paired 

t- tests to compare the CTS values of the two life- history stages 
between different forest types. To do this, we divided the data in 
two groups by forest formation according to the elevation range: 
(1)	 lowland	 and	 submontane	 forests	 (from	0	 to	 400 m	 a.s.l.,	 here-
after	 ‘lower–submontane’;	n = 46);	 (2)	montane	and	upper	montane	
forests	(above	the	400 m	a.s.l.,	hereafter	‘montane–upper	montane’;	
n = 42).

To test whether the difference in the CTS between the commu-
nity of juveniles and adults is significantly different from a random 
expectation, we compared the CTS from these different life- history 
stages	within	a	community	(plot)	constructing	95%	confidence	inter-
vals	(CI)	under	a	bootstrap	framework	(Manly,	1997).	This	approach	
considers the position of each community along the elevation gradi-
ent. To do so, we kept constant the total number of trees occurring in 
each plot and in each iteration we randomly draw a bootstrap sample 
of number of individuals with replacement. The probability of an in-
dividual from a given species being randomly drawn was proportional 
to the observed relative abundance of that species within that com-
munity. Based on this new bootstrapped community we calculated 
a new CTS value for each draw. This procedure was repeated 1000 
times, generating bootstrap distribution values of CTS for each com-
munity. This distribution allowed us to calculate the bootstrapped 
mean	and	the	2.5th	 (lower	 limit)	and	97.5th	 (higher	 limit)	quantiles.	
We	considered	differences	in	migration	trend	within	the	same	com-
munity	to	be	statistically	significant	when	95%	CIs	of	adult	and	juve-
nile communities did not overlap. Upward migration was considered 
when CTS values for juveniles were higher than for adults, as species 
from lower and warmer distribution range are establishing at higher 
elevations. On the other hand, downward migration was considered 
when CTS values for juveniles were lower than for adults, as species 
from higher and colder distribution range are establishing at lower 
elevations.	Additionally,	we	extracted	the	migration	direction	in	each	
plot by subtracting the bootstrapped mean CTS values for the juve-
niles	from	the	bootstrapped	mean	CTS	values	for	adults	(ΔCTS).	We	
then applied a linear model to test the relationship between migra-
tion	directions	for	each	of	the	88	plots	with	elevation	gradient.	We	
also	performed	an	ANOVA	to	compare	the	ΔCTS between low–sub-
montane and montane–upper montane forests.

2.4  |  Community change analyses based on 
long- term forest monitoring

We	investigated	changes	in	CTS	over	time	using	data	from	eight	sites	
with	1-	ha	permanent	plots	with	a	10-	year	 interval	 (2008/2009	and	
2018/2019).	 Two	 permanent	 plots	 are	 in	 the	 submontane	 Atlantic	
Moist	 Forest	 (300	 and	 350 m	 a.s.l.)	 and	 six	 are	 in	 Araucaria	 Forest	
(from	920	to	1000 m	a.s.l.).	Within	each	1-	ha	site,	we	monitored	12	
permanent	sampling	units	of	100 m2, randomly placed in the first cen-
sus, here considered as local communities. Thus, shifts in community 
composition were observed over time in 24 local communities in the 
submontane	 Atlantic	Moist	 Forest	 and	 72	 in	 the	 Araucaria	 Forest.	
Specimens	recorded	were	divided	into	juveniles	(with	1–5 cm	of	DBH)	
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and	adult	trees	(with	≥10 cm	of	DBH),	and	we	calculated	the	CTS	for	
each permanent sampling unit and census. To test differences among 
CTS of the same life- history stage in the first and last census, we per-
formed a paired t-	test.	We	further	analysed	whether	results	are	not	an	
effect	of	successional	changes	due	to	small-	scale	disturbances	 (e.g.,	
natural	gaps),	by	calculating	shifts	in	wood	density	(WD)	of	adult	tree	
communities	 for	each	census	 interval	 (Appendix	S4).	An	 increase	 in	
WD	over	time	would	indicate	successional	changes	in	moist	forests,	as	
pioneer species are expected to have softer wood in comparison with 
late-	successional	species	(Poorter	et	al.,	2019, 2021).	However,	we	did	
not	find	significant	changes	in	WD	between	the	censuses,	meaning	no	
successional	changes	across	the	forests.	All	analyses	were	performed	
in	R.	4.1.2	(R	Core	Team,	2021).

3  |  RESULTS

3.1  |  Community changes based on single- census 
forest monitoring in the Atlantic Moist Forest

Along	the	elevation	gradient,	a	total	of	37,295	individuals	belonging	to	
603 species were sampled. From these, 466 species and 16,444 trees 
were found in the juvenile communities and 510 species and 20,851 
trees within the adult communities. The plot- level CTS for the juvenile 
communities	 ranged	 from	 17.6	 to	 20.5°C	 (19.3 ± 0.5)	 and	 for	 adult	
communities	 ranged	 from	17.1	 to	 20.7°C	 (19.1 ± 0.6).	 Across	 all	 our	
data the CTS was on average 0.1°C higher for juvenile communities 
than	adult	communities	in	the	same	plot	(t87 = 2.23,	p = 0.02;	Figure 2a).	
When	 analysing	 each	 forest	 type	 according	 to	 the	 elevation	 range,	
we did not find differences in the CTS for the lowland–submontane 
forests	(t45 = −0.74,	p = 0.46;	Figure 2b).	However,	we	found	that	the	
CTS for juvenile communities was on average 0.27°C higher than for 
the	adult	communities	for	montane–upper	montane	forests	(t41 = 4.13,	
p < 0.01;	Figure 2c).

Overall,	most	 tree	communities	 (58%)	showed	a	non-	migration	
trend	 (Figure 3a).	 In	 contrast,	we	 also	 observed	 27%	 of	 the	 plots	

showing	an	upward	migration	(abundance	of	more	thermophilic	spe-
cies	 is	higher	 for	 juveniles	 than	adult	 trees)	 and	15%	a	downward	
migration	 (abundance	 of	 more	 thermophilic	 species	 is	 higher	 for	
adults than juvenile trees; Figure 3a).	We	found	a	positive	relation-
ship between ΔCTS	and	elevation	(Figure 3a)	indicating	an	increase	
in	 upward	migration	 as	 the	 elevation	 increases	 (r2 = 0.17,	 p < 0.05,	
β = 0.0007 ± 0.0001).	ANOVA	results	between	forest	types	showed	
that tree communities in montane–upper montane forests have a 
higher ΔCTS	then	the	communities	 in	 low–submontane	forests	 (F- 
value = 12.59,	p < 0.01;	Figure 3b).

3.2  |  Temporal community changes in Atlantic 
Moist and Araucaria Forest

A	total	of	86	species	were	recorded	across	the	two	inventories	(78	
species	in	the	juvenile	and	65	species	within	the	adult	trees).	After	
10 years	between	the	first	and	last	census,	we	observed	significant	
changes	in	CTS	values	only	for	juvenile	communities	(Figure 4a–d).	
Considering	the	number	of	 individuals	 in	the	plots	for	the	Atlantic	
Moist	Forest,	CTS	decreased	on	average	by	0.36°C	 (from	19.19°C	
to 18.83°C; t23 = 3.54,	p < 0.05;	Figure 4a),	however,	we	did	not	find	
significant changes in CTS values when considering the basal area 
per	species	(t23 = 0.78,	p > 0.05;	Figure 4b).	For	the	Araucaria	Forest,	
we observed an increase in CTS values for juvenile communities 
over	time	by	0.34°C	(16.02–16.36°C;	t70 = −2.99,	p < 0.05;	Figure 4c)	
considering the number of individuals per species, and by 0.43°C 
(15.88–16.31°C;	 t70 = −3.23,	 p < 0.05;	 Figure 4d)	 considering	 the	
basal area per species.

4  |  DISCUSSION

We	provide	indirect	results	suggesting	species	shifts	upwards	in	the	
subtropical	 Brazilian	 Atlantic	 forests	 due	 to	 global	 warming.	 Our	
results suggest heterogeneous migration trends, which is expected 

F I G U R E  2 Comparisons	of	community	temperature	scores	(CTS)	between	juvenile	and	adult	communities.	We	show	the	results	for:	(a)	
88	communities	along	the	elevation	gradient	in	the	Atlantic	Moist	Forest	(0–1160 m	a.s.l.);	(b)	46	communities	in	the	lowland–submontane	
forests	(0–400 m	a.s.l.);	and	(c)	42	communities	in	the	montane–upper	montane	forests	(>400 m	a.s.l.).
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for such highly diverse forests. Most communities showed non- 
migration	trends,	which	may	indicate	time	lags	in	species'	responses	
to	climate	change.	However,	we	also	observed	different	migration	
trends along the elevation gradient considering the forest types. 
In	montane–upper	montane	forests	(above	400 m	of	altitude),	tree	
communities are more likely to exhibit an upward migration trend, 
indicating future changes in community composition towards more 

thermophilic species. On the other hand, downward migration 
trends	 were	 concentrated	 in	 lowland–submontane	 forests	 (below	
400 m	a.s.l.).	The	shifts	in	composition	are	consistent	with	both	ap-
proaches, when comparing the distribution of juveniles and adults or 
when comparing communities over a decade of monitoring interval.

Although	 our	 results	 showed	 a	 diversity	 of	 responses	 along	
the elevation gradient with contrasting results between forest 

F I G U R E  3 Differences	between	life-	history	stages	across	elevation.	(a)	The	relationship	between	the	differences	in	bootstrapped	
community	temperature	scores	(ΔCTS)	for	the	juveniles	from	the	CTS	values	for	adults	in	88	communities	along	the	elevation	gradient	in	the	
Atlantic	Moist	Forest.	(b)	ΔCTS differences between lowland–submontane forests and montane–upper montane forests.

F I G U R E  4 Community	temperature	
score	(CTS)	comparisons	of	juvenile	
communities	between	censuses.	Here	
we	show:	(a)	submontane	Atlantic	
Moist Forest considering the number of 
individuals	per	species;	and	(b)	the	basal	
area	per	species.	(c)	Araucaria	Forest	
considering the number of individuals per 
species;	and	(d)	the	basal	area	per	species.
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types, an important indication of upward migration of tree species 
is that the CTS values of juvenile communities were higher than 
values of adult communities for montane–upper montane forests 
and	slightly	increased	within	10 years	of	forest	monitoring.	Plots	in	
montane–upper montane forests tend to have a higher abundance 
of thermophilic species in younger tree communities, expressing 
the establishment in more recent and warmer climatic conditions 
in	relation	to	older	tree	communities	(Lenoir	et	al.,	2009;	Woodall	
et al., 2009;	Zhu	et	al.,	2014).	In	this	sense,	the	upward	migration	
observed in montane–upper montane forest communities at higher 
elevations	is	likely	a	consequence	of	the	rising	temperatures	over	
the past years, suggesting that migration may be a common re-
sponse of species that occur in this part of the elevation gradient 
in the face of climate change. Indeed, species from higher eleva-
tions	are	generally	more	temperature-	limited	(Way	&	Oren,	2010),	
and cold- demanding species are more prone to be competitively 
excluded	under	warmer	 temperatures	 (Alexander	et	al.,	2015)	by	
species with greater affinity to hotter temperatures. Evidence from 
studies	of	other	mountain	regions	of	South	American	suggest	that	
changes in the community composition were mainly driven by the 
upward migration of thermophilic species and the contraction of 
cold-	demanding	 species’distributions	 at	 the	 rear	 edges	 (Feeley	
et al., 2011;	Duque	et	al.,	2015;	Fadrique	et	al.,	2018).	Studies	that	
used	predictive	models	 for	 the	Atlantic	Forest	have	 forecasted	a	
retraction in the potential distribution of high- altitude forests 
for future scenarios of climate change, likely associated with the 
expansion	of	 a	 tropical	 flora	 from	 the	 lowland	 forests	 (Bergamin	
et al., 2019; Saraiva et al., 2021).	Our	 results	add	more	evidence	
to a limited but increasing knowledge about upward migration and 
thermophilization	of	forest	communities	in	tropical	and	subtropical	
forests	of	South	America	(Feeley	et	al.,	2011;	Duque	et	al.,	2015; 
Fadrique	et	al.,	2018).

While	 our	 findings	 suggest	 that	 species	 from	montane–upper	
montane forest communities are more likely to shift upwards, spe-
cies from lowland–submontane forests communities showed more 
idiosyncratic results. These further suggest individualistic species’ 
responses rather than synchronous responses to climate change 
along	the	elevation	gradient.	However,	lowland–submontane	forest	
communities were much more likely to show downward migration. 
Species from lowland are generally able to tolerate warmer tem-
peratures	 at	 lower	elevations	 (Freeman	et	 al.,	2018),	 being	proba-
bly able to display shifts in distribution in both directions. Indeed, 
climate warming may affect species distribution along elevation 
gradients through non- thermal factors such as species interactions 
(Lenoir	 et	 al.,	 2010).	 Local	 biotic	 interactions	 affect	 the	 relative	
abundance patterns in forest communities, further influencing the 
establishment and growth of trees. In this sense, downslope migra-
tion may be a result of competitive release at the lower margin of 
the	elevational	 range	of	species	 that	are	migrating	upward	 (Lenoir	
et al., 2010).	The	importance	of	competition	in	determining	the	spe-
cies distribution along elevation gradients decreases as environmen-
tal	stress	increases	(Maestre	et	al.,	2009).	Therefore,	this	mechanism	
may	be	 important	 in	structuring	migration	patterns	 in	 the	Atlantic	

lowland–submontane forests, where tree species richness is higher, 
and	competition	plays	a	major	 role	 in	 community	assembly	 (Klipel	
et al., 2023).

In	ecotonal	zones	differences	in	abiotic	and	biotic	factors	could	
act	 as	 a	 barrier	 for	 species	migration	 (Fadrique	 et	 al.,	2018),	 thus	
influencing	 migration	 patterns.	 The	 Atlantic	 Moist	 Forest	 is	 sub-
divided	 into	 different	 forest	 types	 according	 to	 elevation	 (Veloso	
et al., 1991),	 with	 a	 sharp	 transition	 zone	 in	 species	 composition	
around	400 m	a.s.l.	Above	400 m,	lower	temperatures,	greater	frost	
frequency,	 and	 cloudier	 conditions	 act	 as	 environmental	 determi-
nants, restricting the establishment or the abundance of many trop-
ical	 lineages	 (Klein,	1984; Bergamin et al., 2012, 2021).	Thus,	with	
the rise in temperatures in recent years, these determinants may 
become less restrictive at higher altitudes, allowing the migration 
of more thermophilic species. The shifts in species range vary with 
elevation as a response to environmental conditions and biotic in-
teractions,	and	lead	to	variations	in	the	transition	zones	and	natural	
boundaries along elevation gradients in mountains around the world 
(Mamantov	et	al.,	2021).	However,	as	observed	here,	downward	mi-
grations seem be more common from low to mid- elevation forests 
and upward migrations are more concentrated in montane forests at 
higher	elevations	(O'Sullivan	et	al.,	2021).

Despite growing evidence that species are shifting their distri-
bution	in	response	to	climate	change	(Kelly	&	Goulden,	2008; Lenoir 
et al., 2009; Feeley et al., 2011),	 we	 also	 detected	 non-	migration	
trends, which may be a result of migration lags in trees to keep 
in	 pace	 with	 rapid	 warming	 rates	 (Loarie	 et	 al.,	 2009;	 Corlett	 &	
Westcott,	2013).	Migration	lags	could	be	associated	with	the	time	of	
ecological processes related to dispersal, establishment, and extinc-
tion	of	long-	lived	tree	species	(Svenning	&	Sandel,	2013;	Alexander	
et al., 2018).	In	addition,	although	anthropogenic	disturbances	asso-
ciated with deforestation can influence species’ distribution shifts 
by	promoting	the	upward	migration	of	warm-	adapted	species	(Guo	
et al., 2018),	there	is	evidence	that	habitat	fragmentation	increases	
the potential of migration lags due to long dispersal distance be-
tween	patches	 (Honnay	et	 al.,	2002; Bertrand et al., 2011; Lenoir 
et al., 2020),	which	may	occur	in	the	extremely	fragmented	Atlantic	
Forest	(Ribeiro	et	al.,	2009).	Future	studies	are	needed	to	better	un-
derstand	the	causes	of	tree	migration	lags	in	the	Atlantic	Forest,	as	
our	knowledge	remains	incomplete.	Although	some	limitations	exist	
in the static approach considering the comparison of juvenile and 
adult trees on a single- census forest monitoring, mainly related to 
the	concept	of	regeneration	niche	(Grubb,	1977; Máliš et al., 2016),	
this framework considering the bootstrap approach may reveal 
conservative responses of regenerating species to global warming, 
providing	 indicatives	of	 future	 tree	species	distribution	shifts	 (e.g.	
Lenoir et al., 2009).	In	this	sense,	we	have	addressed	an	important	
knowledge	gap	for	the	Atlantic	Forest,	demonstrating	that	migration	
trends in mountains are complex in forests that are rich in biodi-
versity. Further research considering species identity, traits, climate, 
and landscape context are needed to have a better picture of tree 
species	response	of	the	Atlantic	Forest	in	the	face	of	future	climate	
change.
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5  |  CONCLUSION

Our findings provide the first evidence of climate- change- induced 
community	 shifts	 in	 the	 Brazilian	 Atlantic	 Forest,	 a	 remarkable	
biodiversity	hotspot.	We	show	distinct	migrations	trends	coupled	
with shifts in community composition, in contrast to earlier 
projections that suggested unidirectional migration towards 
higher	elevation	due	to	a	warming	climate.	We	detect	contrasting	
responses between forest communities along the elevation 
gradient,	indicating	that	the	transition	zones	between	forest	types	
influence	migration	patterns.	Although	 the	 lowland–submontane	
forest communities presented idiosyncratic results, downward 
migrations	 were	 more	 frequent	 in	 this	 part	 of	 the	 elevation	
gradient and are most likely driven by non- thermal factors such as 
biotic	interactions	(e.g.,	competition).	On	the	other	hand,	upward	
migrations were mostly found in the montane–upper montane 
forests, and it has been considered a common response for tree 
species	 that	occur	at	higher	elevations.	The	 thermophilization	of	
the montane–upper montane forests observed in the understorey 
may indicate a greater extinction risk of cold- demanding species 
under future scenarios of global warming.
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