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Abstract
Aims: Rising	temperature	and	declining	summer	precipitation	due	to	the	1970s‐cli‐
mate	shift	in	southern	South	America	have	reduced	forest	productivity	at	dry	sites.	
Here,	we	worked	with	the	most	widespread	Southern	Hemisphere	tree	line	species,	
Nothofagus pumilio,	across	contrasting	climatic	conditions	and	determined	whether	
rising	atmospheric	CO2 concentrations as well as warmer and drier climatic condi‐
tions	provoked	by	the	70s‐climatic	shift	have	been	causing	systematic	changes	in	tree	
line	growth	rates	and	intrinsic	water‐use	efficiency	(iWUE).
Location: 36–54°S,	southern	Andes.
Time period: 1950–2010.
Major taxa studied: Nothofagus pumilio.
Methods: We	worked	at	five	disparate	climatic	tree	line	locations,	spanning	18	de‐
grees	 of	 latitude;	 at	 each	 location,	we	 sampled	 trees	 at	 four	 different	 elevations,	
including	tree	 line	elevation.	We	quantified	the	variation	 in	annual	 tree‐ring	width	
(TRW)	as	a	function	of	climate,	elevation,	tree	age,	size,	annual	CO2 concentrations 
and	location,	using	linear	mixed‐effects	models	and	interpreted	TRW	trends	in	rela‐
tion	to	iWUE	and	isotope	(δ13C and δ18O) signalling.
Results: Across	locations,	the	patterns	of	tree	line	growth	occurring	in	the	1980–2010	
period	 exhibited	 a	 clear	 and	 significant	 negative	 trend,	 in	 contrast	 to	 the	 previous	
1950–1980	period.	We	found	an	increase	in	iWUE	and	δ18O across time and locations. 
Given	that	an	increase	in	δ18O indicates a decrease in stomatal conductance, we assert 
that	drought‐induced	stomatal	closure	appears	to	be	causing	the	reduction	in	growth.
Main conclusions: We	show	unequivocal	evidence	 that	warmer	and	drier	 summer	
conditions	translated	into	a	decrease	in	growth	rates	along	the	elevational	tree	line	
of	 the	southern	Andes,	 reverting	previous	growth	 improvements	 linked	 to	climate	
warming.	An	 improvement	 in	 iWUE	at	all	 locations	 is	most	 likely	explained	by	de‐
creased	stomatal	conductance	given	the	rising	δ18O	signal.	An	iWUE–growth	decou‐
pling	may	act	as	an	ecological	strategy	to	respond	to	drought.
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1  | INTRODUC TION

Global	atmospheric	changes,	which	include	increasing	CO2 concen‐
trations (pa)	and	temperature	rise	as	the	most	conspicuous	effects,	
are	likely	altering	the	range	limit	of	tree	species	and	their	long‐term	
performance.	 Climate	 change	 is	 expected	 to	 alter	 principally	 the	
population	performance	at	the	edge	of	species	distributions,	which	
may	drive	species	to	decline,	and,	as	a	consequence,	species	range	
shifts	 might	 occur	 in	 the	 long‐term	 (Jump,	 Mátyás,	 &	 Peñuelas,	
2009).	Although	 climate	 change	 effects	 and	 impacts	 on	plant	 dis‐
tribution	and	phenology	are	nowadays	seen	in	several	biomes,	their	
severity	on	tree	performance	may	vary	among	and	within	species.	
As	 a	 consequence,	 population‐level	 effects	 of	 global	warming	 are	
initially	expected	to	be	more	readily	detected	in	boundary	areas	of	
species	distributions,	where	species	may	 respond	 faster	and	more	
dramatically	to	climate	change	(Messaoud,	Bergeron,	&	Leduc,	2007;	
but	see	Lloret	&	Kitzberger,	2018).	The	upper	 limit	of	trees’	eleva‐
tional	distribution,	the	alpine	tree	line,	is	a	natural	ecotone	that	has	
been	shown	to	be	physiologically	controlled	by	low	temperature	on	a	
global	scale	(Körner,	2012),	and	hence	considered	one	of	the	most	re‐
sponsive	ecological	monitors	to	global	warming	(Jobbágy	&	Jackson,	
2000;	Körner,	2012).	Consequently,	initial	expectations	posited	that	
warming	temperatures	at	tree	line	would	enhance	growth	(Daniels	&	
Veblen,	2004;	Fajardo	&	McIntire,	2012;	Harsch,	Hulme,	McGlone,	
&	Duncan,	2009;	Salzer,	Hughes,	Bunn,	&	Kipfmueller,	2009).	Global	
warming,	 however,	 may	 not	 provoke	 the	 expected	 unidirectional	
and	positive	changes	in	tree	growth	enhancement	given	that	an	in‐
crease	in	temperature	could	potentially	reduce	precipitation	as	well	
as	 lowering	 the	 atmospheric	water	 vapour	 content	 relative	 to	 the	
saturation	 state	 (VPD,	 vapour	 pressure	 deficit)	 (Trenberth	 et	 al.,	
2014).	Lower	VPD	may	lead	to	a	higher	water	deficit	in	plants,	coun‐
teracting	 the	 expected	 positive	 effects	 of	 temperature	 increases	
(Daniels	&	Veblen,	2004;	Piper	et	al.,	2016).	Understanding	the	dy‐
namics	of	tree	growth‐climate	relationships	at	the	tree	line	elevation	
as	compared	to	low‐elevation	forests	becomes	crucial	because	it	is	
here	where	 climate	 should	 constitute	 the	main	 limiting	 factor	 for	
tree	growth	(Körner,	2012).	As	such,	tree	line	responses	to	climate	
change	could	then	be	extrapolated	to	other	plant	systems.	However,	
few	regional‐scale	attempts	have	been	made	thus	far	to	synthesize	
tree	growth	responses	to	climate	change	and	the	physiology	behind	
these	responses	at	tree	line	elevation.

A	 negative	 growth	 trend	 in	 dry–mesic	 forests	 of	 southern	
South	 America	 (SSA)	 has	 been	 claimed	 to	 result	 from	 warming	
and	drying	 trends,	which	 intensified	after	 the	1970s‐climate	 shift	
(e.g.,	Alvarez,	Veblen,	Christie,	&	González‐Reyes,	2015;	Lavergne,	
Daux,	Villalba,	&	Barichivich,	2015;	Villalba	et	al.,	2012),	caused	by	
coupled	changes	 in	 the	Pacific	Ocean's	 surface	 temperature	vari‐
ability	 (Jacques‐Coper	&	Garreaud,	 2015)	 associated	with	 a	 posi‐
tive	phase	of	the	Southern	Annular	Mode	(SAM).	A	rapid	increase	
in	austral‐summer	 temperatures	and	a	poleward	shift	of	westerly	
winds,	which	carry	precipitation	to	this	area,	have	led	to	drier	condi‐
tions	over	most	of	SSA	since	1976	(Garreaud,	Vuille,	Compagnucci,	
&	Marengo,	2009;	Jacques‐Coper	&	Garreaud,	2015).	On	the	basis	

of	previous	climate‐growth	regional	analyses	(Alvarez	et	al.,	2015;	
Lavergne	et	al.,	2015;	Villalba	et	al.,	2012),	we	were	 interested	 in	
knowing	whether	this	warming	and	drying	trend	of	the	1970s‐cli‐
mate	shift	ultimately	translated	into	a	tree‐growth	shift	at	the	tree	
line	elevation.	Although	the	abrupt	1970s‐climate	shift	should	have	
first	 led	 to	 a	 sudden	growth	enhancement,	 especially	 at	 tree	 line	
elevation	 (positive	 forest‐growth	shift	due	 to	warmer	conditions),	
when	 compared	 with	 lower	 elevations,	 continuing	 drier	 climatic	
conditions	should	also	impede	trees	from	enhancing	their	growth.	
In	this	respect,	 the	determination	of	the	trees’	 intrinsic	water	use	
efficiency	(iWUE),	that	is	the	carbon	fixed	per	unit	of	water	trans‐
pired	through	stomata,	along	with	wood	isotopic	trends,	would	help	
to	 elucidate	 how	 trees	 interact	with	 their	 new	 climatic	 combina‐
tions.	For	example,	trees	should	reduce	their	iWUE	in	response	to	
the	 increase	 in	pa	as	well	as	their	expected	growth	 improvements	
due to a CO2‐fertilization	effect	 (Norby	et	 al.,	 2005),	 should	 tree	
growth	be	carbon	(C)	limited	(Körner,	2006).	Alternatively,	drier	and	
warmer	conditions	should	lead	to	stomatal	closure	hence	reducing	
water	 loss	and	the	risk	of	hydraulic	failure	at	the	cost	of	reducing	
CO2	uptake	(Mitchell	et	al.,	2013).

In	this	study,	we	determined	whether	rising	atmospheric	CO2 
concentrations	and	warmer	and	drier	climatic	conditions	provoked	
by	the	1970s‐climatic	shift	have	been	causing	systematic	changes	
in	 tree	 line	growth	 rates	and	 iWUE.	We	used	a	multifaceted	ap‐
proach	and	analysed	annual	growth	and	wood	isotopic	 (δ13C and 
δ18O)	trends	in	a	widely	distributed	tree	line	species	(>2,000	km),	
Nothofagus pumilio,	 which	 dominates	 the	 tree	 line	 in	 the	 Andes	
of	 SSA	 (Figure	 1a)	 (Fajardo	 &	 McIntire,	 2012;	 Fajardo,	 Piper,	 &	
Cavieres,	2011).	The	southern	Andes	tree	line	of	N. pumilio can be 
assumed	to	be	driven	solely	by	abiotic	factors	given	that	it	has	un‐
dergone	no	human	intervention	and	that	anthropogenic	N	depo‐
sition	driven	by	climate	change	is	extremely	low	(Reay,	Dentener,	
Smith,	Grace,	&	Feely,	2008).	We	have	two	alternative	predictions	
as	 to	 how	 tree	 growth	 is	 responding	 to	 rising	 atmospheric	 CO2 
concentrations	 and	 the	 1970s‐climatic	 shift.	 On	 the	 one	 hand,	
there	might	be	a	CO2‐fertilization	effect	that	could	render	growth	
improvements,	should	tree	growth	be	C	limited;	on	the	other	hand,	
this	 potential	 growth	 improvement	 could	 be	 overridden	 by	 the	
warmer	and	drier	environmental	conditions	provoked	by	the	70s‐
climatic	shift.	To	obtain	insights	into	the	physiological	mechanisms	
driving	tree	growth	along	the	tree	line,	we	also	assessed	the	rela‐
tionship	between	 iWUE	and	growth	across	 locations	 and	during	
climatically	 contrasting	 decades,	 using	 tree‐ring	 wood	 isotopes	
(δ13C and δ18O)	on	a	decadal	time	scale.	To	accomplish	these	aims,	
we	worked	at	five	disparate	climatic	tree	line	locations,	spanning	
18	degrees	of	latitude,	from	a	Mediterranean‐type	tree	line	in	cen‐
tral	Chile	 (36°SL)	 to	a	sub‐Antarctic	 tree	 line	 in	Tierra	del	Fuego	
(54°SL)	 (Figure	 1b);	 at	 each	 location,	 we	 sampled	 trees	 at	 four	
different	elevations,	 including	tree	line	elevation.	Initial	expecta‐
tions	of	 the	SAM	 increase	 in	surface	pressure	 for	SSA	predicted	
warmer	and	drier	conditions,	particularly	south	of	40°S	and	during	
summer	(Garreaud	et	al.,	2009).	We	therefore	expected	tree	lines	
located	in	the	Mediterranean‐type	climate	regions	(30–40°S),	that	
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F I G U R E  1  Long‐term	variation	in	tree	growth	trends	of	
Nothofagus pumilio across elevations (including tree line) and 
18º	of	latitude	in	the	southern	Andes	of	Chile	(note	the	sharp	
transition	between	the	forest	and	the	alpine	zone,	which	is	
typical	of	the	Nothofagus	tree	line).	(a)	a	landscape	view	of	
the	Nothofagus pumilio	tree	line	in	Patagonia,	Chile;	(b)	map	
of	Chile	showing	the	locations	of	tree‐ring	chronologies;	
(c)	predicted	effect	(slopes	of	fitted	lines;	the	change	in	the	
slope	in	relation	to	tree‐ring	width	(TRW)	and	temperature	
(or	precipitation)	for	each	elevation)	of	temperature	and	
(d)	precipitation	on	tree‐ring	width	(TRW,	in	mm)	(different	
letters,	and	colours,	represent	significantly	different	effects	
of	climate	variables	on	TRW	as	determined	by	least‐squares	
means based on Tukey HSD [p	<	0.05]);	and	(e)	observed	TRW	
(dots’	colours	represent	the	different	locations;	red	for	Termas	
de	Chillán,	green	for	Antillanca,	blue	for	Coyhaique,	black	for	
O'Higgins	and	yellow	for	Karukinka).	The	different	elevations	
represent	the	complete	tree	line	ecotone	dominated	by	
N. pumilio,	from	tree	line	elevation	(up‐side	down	triangles,	
E4)	down	to	low‐elevation	forests	(circles,	E1),	with	timberline	
(triangles,	E3)	and	intermediate	forests	(squares,	E2)	in	
between [Colour figure can be viewed at wileyonlinelibrary.
com]

(a)

(b)

(e)

(c)

(d)

www.wileyonlinelibrary.com
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is	 the	drought‐prone	area,	 to	be	 less	affected	by	 the	 last	period	
of	drier	and	warmer	conditions	than	populations	located	south	of	
40°S.	Overall,	we	estimated	the	annual	tree‐ring	width	(TRW)	as	a	
function	of	climate	(austral‐summer	mean	temperatures	and	total	
precipitation	from	November	to	January,	NDJ),	elevation,	ontog‐
eny	(age),	size	(DBH,	diameter	at	breast	height),	annual	pa and site, 
using	linear	mixed‐effects	models	(LMMs).

2  | MATERIAL S AND METHODS

2.1 | Tree species and study areas

Nothofagus pumilio	 is	a	 tree	species	 that	extends	through	a	wide	
latitudinal	and	altitudinal	range	in	the	southern	Andes	of	Chile	and	
Argentina,	 which	 provides	 an	 exceptional	 opportunity	 to	 study	
tree	 growth	 variation	 under	 contrasting	 climates	 while	 control‐
ling	for	phylogenetic	effects.	Nothofagus tree lines, in contrast to 
other	tree	lines,	especially	those	dominated	by	conifer	species	in	
the	Northern	Hemisphere,	form	a	very	abrupt	frontier	with	alpine	
vegetation	 (Figure	1a).	We	selected	 five	 locations	with	different	
climates,	 from	Mediterranean‐like	 to	 sub‐Antarctic	 cold	 temper‐
ate	climatic	conditions	that	 in	total	encompass	ca.	20	degrees	of	
latitude	 (Figure	1a).	 In	 these	 tree	 line	ecotones,	 trees	of	compa‐
rable	age	may	differ	 in	height	up	to	4‐fold	between	the	tree	 line	
(~3	 m)	 and	 the	 lower	 elevations	 (~21	 m)	 (Fajardo,	 2018).	 Using	
Google	 Earth	 tools,	 we	 explored	 different	 areas	 and	 selected	
tree	 line	 locations	 that	 have	 not	 been	 noticeably	 affected	 by	
human	activities	 (principally	summer	cattle	grazing	and	roads)	or	
disturbed	 by	 landslides	 or	 avalanches.	 At	 each	 location,	 we	 de‐
fined	the	tree	line	as	the	uppermost	limit	of	individual	trees	with	
an	 upright	 growth	 form	 of	 at	 least	 3	m	 (Körner,	 2003).	 Along	 a	
latitudinal	transect	from	north	to	south,	the	first	 location	was	 in	
Termas	de	Chillán	(36°54′S,	71°24′W),	where	the	tree	line	occurs	
at	2,080	m	of	altitude.	The	second	location	was	in	the	Antillanca	
area	within	the	Puyehue	National	Park	(40°47′S,	72°11′W),	where	
the	tree	line	occurs	at	1,350	m	of	altitude.	The	third	location	was	
in	the	Coyhaique	National	Reserve	(45°31′S,	72°02′W),	where	the	
tree	 line	 occurs	 at	 1,230	m	of	 altitude.	 The	 fourth	 location	was	
near	Villa	O'Higgins	 (48°29′S,	72°30′W),	where	the	tree	 line	oc‐
curs	at	1,140	m	of	altitude.	The	southernmost	location	was	in	the	
Karukinka	Private	Reserve	in	Tierra	del	Fuego	(54°20′S,	68°49′W),	
where	the	tree	line	occurs	at	630	m	of	altitude.

2.2 | Field sampling

At	each	tree	line	location,	we	worked	across	an	elevational	transect	
and	selected	four	equidistant	elevations	(including	tree	line	eleva‐
tion),	covering	~300	m	of	the	upper	elevation	section	of	the	tree	
line	ecotone.	We,	hereafter,	 refer	 to	 the	 four	elevations	by	 their	
short	names:	E1,	closed,	tall,	lowest	elevation	forest;	E2,	interme‐
diate	stand	located	between	E1	and	the	timberline;	E3,	timberline	
and	E4,	 tree	 line.	At	each	elevation,	we	selected	8–10	trees	that	
were	at	 least	30	m	apart.	When	selecting	 the	 trees	 to	be	cored,	

we	concentrated	on	mature,	un‐shaded	trees	without	browsing	or	
other	damage.	We	conducted	 the	sampling	 in	 late	 January	2013	
for	the	northernmost	locations	(Termas	de	Chillán	and	Antillanca),	
early	 February	2014	 for	 the	Coyhaique	 and	 the	Karukinka	 loca‐
tions,	 and	 late	 January	 2017	 for	 the	O'Higgins	 location.	 At	 this	
time	of	year,	leaf	expansion	and	shoot	growth	were	complete.	For	
each	 individual	 tree,	we	collected	at	 least	 three	cores	 that	were	
extracted	 perpendicular	 to	 the	 bark	 using	 a	 5.15	mm	 increment	
borer	 (Haglöf,	 Långsele,	Sweden).	Two	 to‐the‐pith	 long	cores	 in‐
tended	 for	 growth	 determination	 were	 extracted	 at	 a	 height	 of	
<30	cm.	The	third	core	was	extracted	for	isotope	analysis.	All	stem	
cores	were	labelled	and	placed	in	a	multiwall	polycarbonate	sheet.	
Finally,	 for	 each	 individual	we	measured	 diameter	 at	 coring	 and	
at	breast	height	(DBH,	1.35	m)	with	a	diameter	tape,	bark	length	
for	 both	 core	 heights	with	 a	 bark	 gauge,	 and	 tree	 height	with	 a	
clinometer,	respectively.

2.3 | Tree‐ring growth measurements

Cores	 were	 prepared	 following	 standard	 dendrochronological	
techniques	(Stokes	&	Smiley,	1996):	cores	were	dried	at	laboratory	
temperature,	mounted	and	glued	firmly	on	grooved	wooden	sticks,	
and	sanded	with	successively	 finer	grades	of	sandpaper	until	op‐
timal	 surface	 resolution	 allowed	 annual	 rings	 to	 be	 distinguished	
under	magnification	(×10).	Following	visual	cross‐dating,	tree‐ring	
widths	were	measured	to	the	nearest	0.001	mm	using	a	microscope	
and	 a	 Velmex	 sliding	 stage	 (Bloomfield).	 Only	 cores	 that	 either	
passed	through	the	stem	pith	or	were	close	to	it	(the	arc	of	the	in‐
nermost	rings	was	visible)	were	retained.	With	these,	we	followed	
the	procedures	described	by	Duncan	 (1989)	 (fitting	a	template	of	
concentric	circles	to	the	curve	of	the	innermost	rings)	to	estimate	
the	 number	 of	missing	 rings	 in	 cores	 that	missed	 the	 pith	 of	 the	
tree.	No	correction	was	applied	 for	 the	 time	 required	 to	grow	to	
coring	height.	Calendar	dates	were	assigned	to	rings	according	to	
the	Southern	Hemisphere	tree‐ring	dating	convention	that	assigns	
an	annual	ring	to	the	calendar	year	in	which	the	annual	formation	
begins	 (Schulman,	 1956).	 Cross‐dating	 and	 ring‐width	 measure‐
ments	 for	 each	 site	 were	 checked	 using	 the	 COFECHA	 program	
which	calculates	moving	correlations	among	individual	tree	series	
and	the	mean	site	series	 (Holmes,	1983).	For	each	tree,	measure‐
ments	from	the	two	cores	were	averaged.

2.4 | Climate data

To	 obtain	 climate	 data	 for	 the	 period	 1950–2015,	when	 tree‐ring	
data	were	available	for	all	selected	tree	individuals,	we	used	monthly	
mean	temperature	and	precipitation	data	from	the	Climate	Research	
Unit	(CRU)	version	3.24	with	gridded	data	at	a	0.5º	resolution	(Harris,	
Jones,	Osborn,	&	Lister,	2014).	Data	were	extracted	from	grids	with	
coordinates	corresponding	 to	 the	sampling	sites	using	 the	Climate	
Explorer	webpage	(https	://clime	xp.knmi.nl/).	We	note	that	there	are	
no	meteorological	 stations	 near	 the	 tree	 line	 locations	 that	 could	
have	been	used	for	the	analysis.

https://climexp.knmi.nl/
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2.5 | Carbon and oxygen isotope analyses

We	measured	C	and	oxygen	 (O)	 isotope	 ratios	 in	 tree‐ring	wood	 to	
infer	 iWUE	and	changes	 in	stomatal	conductance	rate,	 respectively.	
Carbon	 isotope	fractionation	 in	C3	plants	 is	controlled	by	biochemi‐
cal	processes	related	to	C	uptake	by	the	enzyme	RuBisCO,	diffusion	
through	the	stomata,	and	by	the	ratio	of	CO2	partial	pressures	in	the	
leaf	 intercellular	 spaces	 (pi) versus pa	 (Farquhar,	 O'Leary,	 &	 Berry,	
1982).	The	pi/pa	ratio	is	strongly	dependent	on	variables	(e.g.,	vapour	
pressure	deficit,	temperature,	soil	moisture)	that	control	gas	exchange	
via	 the	 stomata	 of	 the	 leaves.	 During	 warm	 and/or	 dry	 conditions	
C3	plants	 tend	 to	discriminate	more	strongly	against	 the	heavy	13C 
isotope,	and	thus	the	C	 isotope	ratio	 (δ13C) becomes more negative 
(Edwards	et	al.,	2000;	Farquhar	et	al.,	1982),	that	 is	plants	are	more	
efficient	 in	 their	water	 use.	Alternatively,	O	 isotope	 ratios	 (δ18O) in 
plant	organic	matter	are	determined	by	 the	 isotopic	composition	of	
the	water	source,	humidity	controlling	transpiration	fluxes	and	the	iso‐
topic	exchange	with	atmospheric	vapour,	in	addition	to	the	biochemi‐
cal	fractionation	associated	with	the	production	of	biomolecules,	such	
as cellulose (Gessler et al., 2014).

The	third	core	taken	for	isotope	analyses	was	neither	sanded	nor	
glued,	but	visually	cross‐dated.	For	each	of	these	cores,	decadal‐rings	
were	 homogenized	with	 a	 centrifugal	 mill	 to	 have	 a	 particle	 size	 of	
about	 1.5	mm	 (ZM1;	 Retsch).	 Cellulose	 from	wood	 tissue	was	 then	
isolated	 and	 homogenized	 for	 C	 and	 O	 isotope	 analyses,	 following	
state‐of‐the‐art	laboratory	protocols	(Wieloch,	Helle,	Heinrich,	Voigt,	
&	Schyma,	2011).	Cellulose	aliquots	of	250	μg for δ13C (300 μg for δ18O) 
were	weighed	on	a	microbalance	 (ME36S;	Sartorius)	 in	 tin	 (silver	 for	
δ18O)	foil	capsules	and	converted	to	CO2 (CO for δ18O)	using	a	NC	2500	
(Carlo	Erba)	elemental	analyser	(HT	pyrolysis	oven,	Hekatech,	Germany	
for δ18O)	 interfaced	 with	 a	 Finnigan	 DeltaPlus	 (Delta	 V	 Advantage	
for δ18O)	 isotope	 ratio	mass	 spectrometer	 (Thermo	 Fisher	 Scientific	
Inc.).	Cellulose	extraction	and	isotope	analyses	were	conducted	at	the	
Institute	of	Geography,	University	of	Erlangen‐Nuremberg,	Germany.	
Stable	 isotope	 ratios	were	expressed	as	per	mil	deviations	using	 the	
δ notation relative to Vienna Pee Dee Belemnite (VPDB) for C and 
Standard	Mean	Ocean	Water	(SMOW)	for	O.	The	standard	deviation	
for	repeated	analyses	was	better	than	0.2‰	for	δ13C and δ18O.

2.6 | Modelling intrinsic water‐use efficiency 
(iWUE)

The	 iWUE	can	be	determined	using	δ13C	data	 from	 tree‐ring	wood	
with	the	following	framework.	First,	C	isotope	discrimination	in	wood	
(Δ13C)	was	calculated	following	Farquhar	and	Richards’	(1984)	formula:

where	δ13Ca	 and	plant	δ
13Cp are δ13C	of	 atmospheric	CO2 and 

plant	 tissues,	 respectively.	 The	 δ13Ca was obtained from Graven 
et	al.	(2017).	Second,	the	iWUE,	that	is	the	ratio	between	photosyn‐
thesis	(A) and stomatal conductance rates (g),	was	computed	follow‐
ing	Farquhar	et	al.	(1982)	as:

where	0.625	is	the	relation	among	the	conductance	rates	of	H2O 
and CO2.

To determine pi,	we	used	the	equation	proposed	by	Francey	and	
Farquhar	(1982):	

where	a	is	the	diffusion	fractionation	across	the	boundary	layer	and	
the	stomata	(+4.4‰)	and	b	is	the	RuBisCO	enzymatic	biologic	frac‐
tionation	(+27.0‰).

2.7 | Data analyses

In	 order	 to	 determine	 the	 relative	 contributions	 of	 the	 different	
hypothesized	factors	to	the	growth	trends	of	N. pumilio tree lines, 
we	applied	linear	mixed‐effects	models	(LMMs)	(Pinheiro	&	Bates,	
2001).	Specifically,	we	used	yearly	 tree‐ring	width	 (TRW)	as	a	 re‐
sponse	variable	and	site,	elevation	 level,	 calendar	year,	estimated	
tree	age	and	diameter	at	breast	height	(DBH),	as	well	as	November–
January	temperature	and	precipitation	as	predictors	(Table	S1).	Site	
represents	 the	different	 tree	 lines,	 elevation	 level	 represents	 the	
different	sampled	elevations	from	the	closed	and	tall	lowest‐eleva‐
tion	forest	(E1)	to	the	tree	line	(E4),	calendar	year	accounts	for	TRW	
trends	over	 time,	and	 tree	age	and	DBH	control	 for	potential	dif‐
ferences	in	growth	trajectories	for	trees	of	different	age	and	sizes.	
In	addition,	based	on	prior	studies	 (Alvarez	et	al.,	2015;	Lavergne	
et	al.,	2015),	we	chose	 to	work	with	 the	November–January	 tem‐
perature	 and	 precipitation	 period,	 which	 represents	 the	 climate	
conditions	during	the	beginning	of	the	growing	season,	which	have	
proven	to	have	a	direct	effect	on	tree	growth,	in	particular,	precipi‐
tation.	To	account	for	the	potentially	different	patterns	 in	growth	
trends among sites and elevations, we included interactions among 
site,	elevation	and	calendar	year	in	the	model.	Similarly,	to	account	
for	the	potential	differences	in	growth	response	to	climate	along	el‐
evations	we	included	an	interaction	among	site,	elevation,	precipi‐
tation	and	temperature.	We	also	included	tree	identity	as	a	random	
factor	because	TRW	measurements	 represent	 repeated	measures	
carried	out	across	time	in	the	same	individual.	A	first‐order	autocor‐
relation	structure	(AR1)	was	included	to	account	for	dependency	of	
the	growth	in	year	t	on	the	growth	of	the	previous	year	t−1.	TRW	
was	 log‐transformed	(log	x	+	1)	prior	to	the	analyses	to	normalize	
the	data	and	thus	increase	the	validity	of	the	associated	statistical	
analyses.	 Following	Nakagawa	 and	 Schielzeth's	 (2013)	 procedure,	
we	computed	an	R2	value	for	each	model	 in	order	to	quantify	the	
strength	of	the	model,	that	 is	the	goodness‐of‐fit.	Lastly,	to	eluci‐
date	potential	influences	of	outliers	and	extreme	values,	we	evalu‐
ated	the	fit	of	the	model	by	a	graphical	examination	of	the	residuals	
and	the	fitted	values.

To	 identify	 the	 set	 of	 predictors	 that	 best	 explained	 the	 ob‐
served	patterns	for	each	component	of	tree	growth,	we	used	a	mul‐
timodel	inference	approach	based	on	information	theory	(Burnham	
&	Anderson,	2002).	With	this	approach,	we	calculated	the	relative	

(1)Δ13C= (δ13Ca−δ13Cp)∕(1+δ13Cp∕1,000),

(2)iWUE=pa[1− (pi∕pa)]0.625,

(3)pi=pa[(δ
13Cp−δ13Ca+1)∕(b−a)],
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probability	that	a	given	model	is	more	parsimonious	than	other	com‐
peting	models	 to	explain	 the	 response	variable.	We	ranked	all	 the	
potential	models	according	to	the	second‐order	Akaike	information	
criterion	 (AICc)	 (see	 also	 Camarero,	 Gazol,	 Sangüesa,	 &	 Fajardo,	
2018).	 The	 model	 showing	 the	 lowest	 AICc	 value	 and	 greatest	
Akaike	weight	(relative	probability	quantifying	if	the	selected	model	
is	the	ideal	choice)	was	selected	as	the	best	model.	We	also	calcu‐
lated	 the	ΔAICc	 (AICc	differences	between	each	 individual	model	
and	 the	 best	model)	 to	 rank	 competing	models.	When	 significant	
interactions were found among calendar year and climate variables 
and	site	or	elevation,	we	performed	least‐square	means	based	on	the	
Tukey	honest	 significant	 difference	 (HSD)	 test	 for	 the	 differences	
between	tree	 lines	or	elevation	 levels	 (Bretz,	Hothorn,	&	Westfall,	
2010).	These	analyses	allowed	for	a	comparison	of	the	growth	tra‐
jectories	 and	 growth	 responses	 to	 climate	 between	 pairs	 of	 sites,	
while	also	quantifying	the	differences.

A	 similar	 procedure	was	 applied	 to	 study	 trends	 in	 the	 isotopic	
(δ18O, Δ13C)	signal	in	wood	and	inferred	iWUE	across	elevations	and	
locations.	First,	we	built	LMMs	in	which	the	isotopic	signal	was	used	as	
a	response	variable,	whereas	decades	and	elevations,	as	well	as	their	
interactions,	were	used	as	explanatory	variables.	The	same	procedure	
was	used	to	study	the	effects	of	each	location	and	its	interaction	with	
decade.	In	each	case,	we	used	a	multimodel	inference	approach	based	
on	information	theory	to	select	the	best	model.	Least‐squares	means	
based	 on	 Tukey	 HSD	 were	 applied	 when	 significant	 interactions	
among elevation or location and decade were detected.

All	 statistical	 analyses	 were	 performed	 in	 the	 R	 environment	
(R	Development	Core	Team,	2016).	The	 lme	function	of	 the	 ‘nlme’	

package	version	3.1‐137	was	used	to	fit	the	LMMs	(Pinheiro,	Bates,	
DebRoy,	&	Sarkar,	2016);	 the	 ‘MuMIn’	package	version	1.42.1	was	
used	 to	 calculate	 the	 pseudo‐R2	 (Barton,	 2012)	 and	 the	 ‘lsmeans’	
package	version	2.30‐0	was	used	 to	perform	 least‐squares	means	
(Lenth,	2016).

3  | RESULTS

The	best‐supported	model,	which	accounted	for	54%	(48%	due	to	
the	 fixed	 effects)	 of	N. pumilio	 TRW	 variation,	 revealed	 that	 the	
dominant	 patterns	 of	 regional	 tree	 growth	 observed	 since	 1950	
are	driven	by	 tree	 line	 location,	 temperature,	precipitation	and	el‐
evation	(significant	interaction	with	temperature	and	precipitation,	
Figure	 1c,d),	with	 tree	 age	 and	 diameter	 also	 acting	 as	 significant	
covariates	 (Table	1,	Appendix	S1).	 Importantly,	TRW	variation	was	
not	 affected	by	 changes	 in	CO2	 concentrations.	Our	 results	 show	
significant differences in N. pumilio	 growth	 responses	 to	 climate	
across	elevations	(Figure	1c–e;	Table	1).	Post	hoc	analyses	showed	
a	positive	effect	of	 temperature	on	TRW	 in	all	elevations,	but	 the	
strength	of	the	relationship	between	growth	and	temperature	was	
significantly	higher	at	the	tree	line	elevation	(E4,	Figure	1c)	than	in	
lower	elevations	(significant	Elevation	*	Temperature	interaction).	In	
contrast,	precipitation	had	a	significantly	negative	effect	on	 trees’	
TRW	located	at	the	highest	elevations,	that	is	an	increase	in	precipi‐
tation	provoked	a	reduction	in	growth	(Figure	1d).

We	 show	 that	 the	1970s‐climate	 shift	 did	provoke	a	 clear	 and	
distinct	alteration	in	growth	trends,	although	not	quite	as	expected,	

TA B L E  1  Results	of	the	selected	linear	mixed‐effects	model	proposed	to	explain	the	variation	in	Nothofagus pumilio	growth	across	tree	
lines and elevations

Variables df

All 1950–1980 1981–2012

F p F p F p

Tree age 1 278.08 <0.01 65.28 <0.01 217.18 <0.01

Elevation 3 11.14 <0.01 12.51 <0.01 3.84 0.011

Location 4 14.04 <0.01 10.39 <0.01 6.73 <0.01

Year 1 0.20 0.652 17.95 <0.01 78.64 0.322

Precipitation 1 134.07 <0.01 30.31 <0.01 108.48 <0.01

DBH 1 245.58 <0.01 164.96 <0.01 122.63 <0.01

Temperature 1 270.72 <0.01 161.77 <0.01 118.09 <0.01

Location*Elevation 12 3.91 <0.01 2.30 <0.01 3.65 <0.01

Year*Location 4 8.87 <0.01 4.18 <0.01 11.46 <0.01

Year*Elevation 3 4.27 <0.01 3.39 0.017 0.26 0.851

Year*Elevation*Location 12 5.77 <0.01 3.33 <0.01 7.16 <0.01

Elevation*Precipitation 3 12.63 <0.01 10.66 <0.01 – –

Elevation	*Temperature 3 7.55 <0.01 – – 10.94 <0.01

R2  0.54	(0.48)  0.61 (0.47)  0.69	(0.54)  

Note:	For	each	variable	and	the	interactions	between	them	the	number	of	degrees	of	freedom	(df)	in	the	numerator,	the	F statistic and its associ‐
ated p	value	are	documented.	Results	are	provided	for	models	considering	the	entire	study	period	(1950–2012)	and	two	subperiods:	1950–1980	and	
1981–2012	(before	and	after	the	1970s‐climatic	shift).	The	R2	values	for	each	model	are	also	shown	(values	in	parentheses	indicate	the	conditional	R2 
due	to	the	fixed	factors).
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that	is	primary	patterns	of	tree	line	growth	occurring	between	1980	
and	 2010	 exhibited	 a	 clear	 and	 significant	 negative	 trend,	 con‐
trary	 to	 the	previous	period	 (Table	1,	Figure	2).	These	contrasting	
growth	 patterns,	 associated	 with	 the	 positive	 phase	 of	 the	 SAM,	
were	observed	across	all	elevations	at	all	of	the	tree	 line	 locations	
(Appendix	S2).	In	particular,	tree	growth	at	tree	line	elevation	began	
to	decline	 fairly	dramatically	 after	1980	 (Figure	2).	We	also	 found	
that	the	increase	in	warming	and	dryness	since	1980	have	had	pro‐
nounced	negative	effects	on	growth	 (negative	 slopes,	Appendixes	
S3,	S4,	Figure	3)	in	both	the	northernmost	tree	populations	as	well	as	
populations	located	further	south	than	40°S	(with	the	exception	of	
Karukinka	in	Tierra	del	Fuego),	which	undermines	the	initial	expecta‐
tion	that	populations	commonly	experiencing	summer	drought	could	
be	less	susceptible	to	its	negative	effects.

Trends	in	the	isotopic	(δ18O, Δ13C)	signal	in	wood	and	iWUE	were	
mainly	driven	by	differences	across	locations,	decades	(especially	in	
the	1980–2010	period)	and	certain	trends	across	elevations	in	several	
situations	(Tables	2	and	3,	Figures	4	and	5).	Significant	 interactions	
among	 decades	 and	 elevations	 were	 found	 for	 all	 isotopic	 signals	
only	when	the	entire	period	was	considered	(1950–2010),	suggesting	

differences	 in	 decadal	 trends	 across	 elevations	 (Table	 2;	 Appendix	
S5).	The	δ18O	showed	no	significant	trends	and	no	differences	among	
elevations	 for	 the	 1950–1980	 period,	 however	 a	 significant	 posi‐
tive	trend	with	no	differences	among	elevations	was	found	for	 the	
1980–2010	period	(Table	2;	Figure	4).	Conversely,	the	Δ13C	displayed	
significant	differences	among	elevations	for	the	1950–1980	period,	
with	 negative	 trends	 at	 the	 lowest	 elevation	 (E1)	 and	 the	 tree	 line	
(E4)	(Table	2;	Figure	4);	a	generally	positive	trend	with	no	differences	
among	elevations	was	found	for	the	1980–2010	period.	The	 iWUE	
augmented	significantly	 in	all	elevations	for	 the	1950–1980	period,	
though	with	a	more	positive	 trend	at	 the	 lowest	elevation	and	 the	
tree	line	than	at	intermediate	elevations	(Figure	4).	In	the	1980–2010	
period,	a	less	intense	positive	trend	with	no	differences	among	eleva‐
tions	was	found	(Table	2;	Figure	4).	The	δ18O, Δ13C	signals	and	iWUE	
differed	 significantly	 among	 tree	 line	 locations	 (Table	 3,	 Figure	 5)	
for	 all	 of	 the	 studied	 periods.	 In	 particular,	 Termas	 de	 Chillán	 and	
Antillanca,	 the	 two	 northernmost	 locations,	 showed	 higher	 iWUE	
than	the	remaining	locations	for	the	1950–1980	period	(Figure	5).	For	
this	same	period,	a	significant	interaction	among	decades	and	loca‐
tions was found, suggesting differences in decadal trends across loca‐
tions.	Although	the	iWUE	values	for	Termas	de	Chillán,	Antillanca	and	
Karukinka	continued	increasing	for	the	whole	period,	Coyhaique	and	
O'Higgins	decreased	their	values	throughout	the	1950–2010	period	
(Table	3;	Figure	5).	Finally,	across	locations	and	elevations,	we	found	
a strong negative correlation between δ18O	and	∆13C decadal trends 
in	wood;	in	contrast,	a	significantly	positive	correlation	between	δ18O 
and	inferred	iWUE	was	found	(Table	S3;	Figure	S1).

4  | DISCUSSION

4.1 | Decreasing tree growth trends

In	a	warmer	world,	a	 faster	growth	of	 tree	 line	populations	sub‐
jected	to	low‐temperature	control	was	expected	(see	Salzer	et	al.,	
2009).	Provided	 that	elevational	 tree	 lines	 appear	 to	be	globally	
controlled	by	low	temperature,	tree	line	species	should	act	as	the	
ultimate	 bioassay	 for	 global	warming	 effects,	 showing	 either	 an	
encroaching	upslope	or	an	increase	in	growth	rates	or	both.	And	
yet,	 regional	 drying	 trends,	 like	 the	 1970s‐climatic	 shift	 occur‐
ring	 in	 the	 southern	Andes,	 appear	 to	 counteract	 this	 initial	 ex‐
pectation.	We	have	demonstrated	here	that	radial	growth	trends	
show	a	clear	positive‐to‐negative	shift	after	the	occurrence	of	the	
1970s‐climatic	shift.	Although	some	preliminary	growth	improve‐
ments	were	detected	 (1950–1980	period,	Figure	2),	 likely	 taking	
the	form	of	a	release	from	cold	temperature	control	as	was	initially	
expected,	the	warmer	and	drier	climatic	conditions	that	have	pre‐
vailed	throughout	the	past	decades	(1980–2010	period)	have	re‐
versed	this	warming‐triggered	growth	enhancement.	Warmer	and	
drier	climatic	conditions	have	proven	to	eventually	reduce	CO2	up‐
take	(see	below),	overriding	the	potential	CO2‐fertilization	effect.

Previous	 studies	 have	 also	 found	 a	 relatively	 recent	 decline	 in	
growth	 in	 SSA	 tree	 lines.	 For	 example,	 without	 explicitly	 invok‐
ing	 the	 1970s‐climatic	 shift,	 Fajardo	 and	 McIntire	 (2012)	 found	 a	

F I G U R E  2  Shifts	detected	in	the	growth	of	the	tree	line	species	
Nothofagus pumilio,	according	to	elevation.	Continuous	and	dashed	
lines	are	the	tree‐ring	widths	(TRW,	mm)	predicted	by	a	linear	
mixed‐effects	model	(LMM)	with	climate,	tree	age	and	size	as	the	
main	predictors	for	two	periods:	1950–1980	and	1981–2012	(more	
detailed	results	of	the	modelling	are	in	Table	1).	Continuous	black	
line	(up‐side	down	triangles)	representing	the	tree	line	elevation	
(E4)	and	the	timberline	(triangles;	E3)	whereas	dashed	black	lines	
represent	intermediate	forests	(squares,	E2)	and	low	elevation	
forests	(circles;	E1).	The	vertical	orange	line	divides	the	two‐time	
periods	under	analysis;	before	and	after	the	1970s‐climatic	shift.	
Red	and	blue	lines	represent	the	TRW	trends	for	the	different	
elevations:	tree	line	(E4;	solid	red	lines),	timberline	(E3;	dashed	
red	lines),	intermediate	forest	(E2;	dashed	blue	lines)	and	low	
elevation forest (E1; solid blue lines) [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com


1374  |     FAJARDO et Al.

general	reversal	of	growth	improvements	in	tree	lines	of	N. pumilio in 
Patagonia.	Alvarez	et	al.	(2015)	also	showed	a	consistent	decline	in	the	
growth	of	N. pumilio	in	one	location	near	the	tree	line	elevation	in	the	
last	30	years	at	the	Choshuenco	Volcano,	southern	Chile	(40°S).	In	an	
inter‐continental	study,	Villalba	et	al.	(2012)	reported	similar	growth	

declines	in	several	tree	species	(including	Nothofagus betuloides, and 
the	 conifers	Araucaria araucana and Austrocedrus chilensis) growing 
in some relatively xeric lower elevation forests in SSA, following an 
increase	 in	 temperature	 and	a	decrease	 in	precipitation,	which	had	
caused	a	higher	frequency	and	intensity	of	drought	periods.	Works	of	

F I G U R E  3  Growth	trends	across	tree	
line locations and elevations for two 
periods	(before	and	after	the	1970s‐
climatic	shift).	Bars	indicate	the	slope	
value	of	the	effect	of	the	calendar	year	
on	tree‐ring	width	(TRW)	across	tree	line	
locations	and	elevations	according	to	the	
predicted	marginal	means	test	(grey	bars)	
and	their	standard	errors.	Coloured	lines	
represent	the	mean	across	elevations	for	
each	site.	Multiple	comparisons	between	
sites and elevations can be seen in Table 
S3 [Colour figure can be viewed at 
wileyonlinelibrary.com]

 Decade Elevation
Decade ×  
Elevation ΔAIC Weight R2

Δ18O	(‰)

1950–2010 18.59**  0.55 3.92**  0.75 0.57 0.04	(0.95)

1950–1980    1.95 0.65 0.05	(0.95)

1980–2010 14.09**    5.03 0.92 <0.01 (0.96)

Δ13C	(‰)

1950–2010 1.94 1.20 3.39*  0.90 0.39 0.08 (0.70)

1950–1980 5.10*  0.88 6.86**  8.94 0.98 0.11 (0.69)

1980–2010 7.10**    1.33 0.59 0.10 (0.77)

iWUE	(μmol/mol)

1950–2010 179.03**  1.23 3.81*  2.41 0.72 0.25	(0.75)

1950–1980 91.33**  0.93 7.79**  11.42 0.99 0.28 (0.74)

1980–2010 18.71*    1.44 0.66 0.03 (0.77)

Significant	values	are	indicated	with:	*(p < 0.05)	and	**(p < 0.01).	Results	are	provided	for	models	
considering	the	entire	study	period	(1950–2010)	and	the	division	into	two	subperiods:	1950–1980	
and	1980–2010.	Finally,	the	R2	values	for	each	model	are	shown	(values	without	parentheses	indi‐
cate	the	conditional	R2	due	to	the	fixed	factors).

TA B L E  2  Results	of	the	linear	mixed‐
effects	model	proposed	to	explain	the	
variation in Nothofagus pumilio	isotopes’	
concentration (δ18O, δ13C) and intrinsic 
water	use	efficiency	(iWUE)	across	
elevations.	The	results	of	the	best	model	
according	to	the	second	order	Akaike's	
criterion	is	shown	(i.e.,	lowest	AIC	and	
highest	weight).	In	addition,	the	increase	
in	the	AIC	for	the	best	model	as	compared	
to	the	second	best	(ΔAIC)	and	the	weight	
is	shown	for	the	selected	model.	For	
each	variable	and	their	interactions,	the	F 
statistic	is	shown

www.wileyonlinelibrary.com
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TA B L E  3  Results	of	the	linear	mixed‐effects	model	proposed	to	explain	the	variation	in	Nothofagus pumilio	isotopes’	concentrations	
(δ18O, δ13C)	and	intrinsic	water	use	efficiency	(iWUE)	across	locations.	The	results	of	the	best	model	according	to	the	second	order	of	
Akaike's	criterion	is	shown	(i.e.,	lowest	AIC	and	greatest	weight).	The	increase	in	the	AIC	for	the	best	model	as	compared	to	the	second	best	
(ΔAIC)	and	the	weight	are	shown	for	the	selected	model.	For	each	variable	and	their	interactions,	the	F	statistic	is	shown

 Decade Location Decade × Location ΔAIC Weight R2

Δ18O	(‰)

1950–2010 15.91**  97.32**   4.61 0.91 0.87	(0.95)

1950–1980  84.23**   2.03 0.72 0.87	(0.95)

1980–2010 12.11**  82.85**   7.24 0.97 0.87 (0.96)

Δ13C	(‰)

1950–2010  16.42**   0.41 0.53 0.46 (0.68)

1950–1980 4.71*  19.86**   2.91 0.73 0.50	(0.61)

1980–2010 6.97**  12.21**   2.73 0.74 0.47 (0.77)

iWUE	(μmol/mol)

1950–2010 180.12**  15.19**  3.06*  3.64 0.86 0.56	(0.75)

1950–1980 77.02**  20.03**   4.93 0.92 0.58	(0.67)

1980–2010 18.12*  12.06**   1.31 0.66 0.48 (0.78)

Significant	values	are	indicated	with:	*(p < 0.05)	and	**(p < 0.01).	Results	are	provided	for	models	considering	the	entire	study	period	(1950–2010)	
and	the	division	into	two	subperiods:	1950–1980	and	1980–2010.	Finally,	the	R2	values	for	each	model	are	shown	(values	without	parentheses	indi‐
cate	the	conditional	R2	as	a	result	of	the	fixed	factors).

F I G U R E  4  Differences	in	isotopic	(δ18O,	∆13C)	decadal	trends	in	wood	and	intrinsic	water‐use	efficiency	(iWUE)	values	according	to	
elevation	and	time	for	the	two	studied	periods	(before	and	after	the	1970s‐climatic	shift).	The	grey	bars	represent	the	slope	of	the	effect	of	
decade	on	the	isotopes	and	iWUE	at	each	elevation	(segments	indicate	the	confidence	intervals)	for	the	two	studied	periods	(1950–1980,	
1981–2012).	In	each	graph,	different	letters	indicate	the	presence	of	significant	(p	<	0.05)	differences	in	increasing	trends	among	elevations
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Villalba	et	al.	(2012)	and	Lavergne	et	al.	(2015),	who	compared	growth	
responses	in	N. pumilio	across	a	precipitation	gradient,	as	well	as	this	
study,	have	led	us	to	assert	that	trees	located	in	harsh	environments,	
be	these	dry	or	cold,	should	show	declines	in	growth,	whereas	trees	
located	in	more	mesic	and	humid	conditions	should	therefore	show	an	
enhancement	in	growth	(for	other	species	showing	a	positive	trend,	
see	Camarero	et	al.,	2018;	Urrutia‐Jalabert	et	al.,	2015).

According	 to	 predictions	 set	 for	 the	 SAM	 increase	 in	 surface	
pressure	for	SSA,	which	establish	that	warmer	and	drier	conditions	
should	prevail	 further	south	than	40°S	 (Garreaud	et	al.,	2009),	we	
expected	that	tree	line	locations	with	a	Mediterranean‐type	climate	
(Termas	de	Chillán)	would	have	shown	fewer	changes	in	growth	be‐
cause	they	would	be	more	used	to	these	dry	and	warm	conditions.	
We	did	not	find	support	for	this	expectation,	as	this	specific	tree	line	
location	exhibited	 significant	decreases	 in	growth,	 similar	 to	more	
southern	locations.	Other	studies	have	found	that	in	drought‐prone	
areas,	such	as	Mediterranean	forest	ecosystems,	trees	may	be	more	
resistant	to	increasing	drought,	showing	high	iWUE	and	low	growth	
rates	 (Cavin	&	Jump,	2017;	Granda,	Rossatto,	Camarero,	Voltas,	&	
Valladares,	2014).	Our	results	then	evince	that	water	shortage	plays	
a	foremost	control	over	tree	growth,	even	at	high	elevations	as	has	
been	 observed	 in	 Mediterranean	 drought‐prone	 tree	 lines	 (Piper	
et	al.,	2016),	and	more	xeric	conditions	on	the	eastern	slope	of	the	
southern	Andes	 (Lavergne	et	al.,	2015;	Suarez,	Villalba,	Mundo,	&	
Schroeder,	2015;	Villalba	et	al.,	2012)	or	in	the	Northern	Hemisphere	
(e.g.,	Gómez‐Guerrero	et	al.,	2013).	Furthermore,	a	decline	in	growth	
was	observed	in	the	most	humid	tree	line	location,	Antillanca,	which	
constitutes	a	cool,	high‐elevation	site	with	a	high	annual	precipita‐
tion	of	about	4,000	mm	(Daniels	&	Veblen,	2004).	This	phenomenon	
of	a	decline	in	growth	appears	as	a	regional	pattern	in	the	tree	line	of	
Nothofagus pumilio	in	the	southern	Andes	of	SSA.

4.2 | Physiological insights behind the decrease 
in growth

Several	 results	 point	 to	 a	 direct	 drought	 effect	 on	 the	 decline	 of	
growth.	The	occurrence	of	higher	VPD	provoked	by	more	frequent	
and	intense	drought	events	can	certainly	lead	to	a	decline	in	growth	
rates	 (Trenberth	 et	 al.,	 2014).	 In	 this	 respect,	 we	 found	 that	 the	
iWUE	continued	to	augment	 in	the	1980–2010	period	for	most	of	
the	 locations	 (with	the	exception	of	Karukinka)	and	elevations.	An	
increase	in	iWUE	could	be	due	to	(a)	a	decrease	in	the	stomatal	con‐
ductance rate (g)	along	with	a	constant	photosynthesis	rate	 (A), or 
(b) an increase in A	 along	with	 constant	g, or even (c) an increase 
in A	 along	 with	 a	 decrease	 in	 g.	 The	 δ18O signal is influenced by 
water	sources	and	is	 independent	of	variations	in	A,	thus	δ18O	has	
been	traditionally	used	to	separate	the	effects	of	A and g	on	iWUE	
(Lévesque,	Siegwolf,	Saurer,	Eilmann,	&	Rigling,	2014).	According	to	
the	dual‐isotope	conceptual	model	of	Scheidegger,	Saurer,	Bahn,	and	
Siegwolf (2000), an increase in δ18O indicates a decrease in g.	Thus,	
in	 our	 case,	 the	 increase	 in	 iWUE	 could	most	 likely	 be	 explained	
by a decrease in stomatal conductance (or an increase in stoma‐
tal	 closure)	 in	 order	 to	minimize	water	 loss	 along	with	 a	 constant	

photosynthesis	rate	(decreasing	growth	rate),	all	in	response	to	drier	
and	 sunnier	 growing	 seasons.	With	 increasing	 stomatal	 closure,	C	
assimilation	 may	 be	 consequently	 reduced	 in	 spite	 of	 an	 increas‐
ing	atmospheric	CO2 concentration (ca),	 thus	declining	the	 internal	
CO2 concentration (cp) and reducing discrimination against 13C dur‐
ing	 the	process	of	C	 fixation,	 that	 is	 lower	Δ13C	and	higher	 iWUE	
(Farquhar,	Ehleringer,	&	Hubick,	1989).	Although	we	note	that	a	δ18O 
trend could also be caused by trends in δ18O	of	 the	water	source,	
we	compared	tree	δ18O	values	with	those	of	available	precipitation	
isotope	data	 from	the	Global	Network	of	 Isotopes	 in	Precipitation	
(IAEA/WMO,	2018)	and	found	no	comparable	trends	there.	Warm	
and	dry	conditions	are	indeed	associated	with	high	δ18O	(Lévesque	
et	al.,	2014;	Saurer,	Kirdyanov,	Prokushkin,	Rinne,	&	Siegwolf,	2016;	
Zech,	Mayr,	Tuthorn,	Leiber‐Sauheitl,	&	Glaser,	2014).

Under	a	monotonic	increase	in	atmospheric	CO2	(which	in	2016	
crossed	 the	 400‐ppm	 threshold	 in	 the	 Southern	 Hemisphere),	
trees	 are	 not	 growing	 more,	 a	 pattern	 that	 is	 usually	 observed	
across	studies.	How	can	this	apparent	paradox	be	explained?	The	
most	straightforward	explanation	for	the	decoupling	between	an	
increase	in	iWUE	and	a	decrease	in	growth	rates	is	that	the	pro‐
cess	of	growth,	that	is	cell	division,	expansion	and	differentiation,	
is	more	 sensitive	 to	 drought	 than	 photosynthesis	 (Adams	 et	 al.,	
2017;	Muller	 et	 al.,	 2011;	 Piper	&	 Fajardo,	 2016;	 Piper,	 Fajardo,	
&	 Hoch,	 2017).	 Although	 the	 C	 status	 of	 trees	 was	 improved	
given	the	increased	iWUE,	such	an	improvement	did	not	translate	
into	 growth	 because	 growth	was	 not	 C	 limited	 but	 sink	 limited.	
Water	is	particularly	important	for	cell	elongation	(Körner,	2015).	
Similarly,	 low	 temperature	 first	 limits	 meristematic	 activity	 (i.e.,	

F I G U R E  5  Mean	intrinsic	water‐use	efficiency	(iWUE)	values	
according	to	tree	line	location	and	decade.	The	tree	line	locations	
were	as	follows:	Termas	de	Chillán	(36°S,	black),	Antillanca	(40°S,	
red),	Coyhaique	(46°S,	green),	O'Higgins	(49°S,	blue)	and	Karukinka	
in	Tierra	del	Fuego	(54°S,	yellow)	[Colour	figure	can	be	viewed	at	
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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carbon‐sink	constraints)	and	then	photosynthesis;	that	 is	growth	
ceases	 at	 a	 relatively	 higher	 temperature	 than	 photosynthesis	
(Körner,	1998).	 It	 is	 likely	that	trees	uphold	their	C	uptake	under	
drier and warmer conditions because increased CO2	atmospheric	
concentrations	 compensate	 for	 reduced	 stomatal	 conductance,	
which	 are	 occurring	 more	 frequently	 due	 to	 drier	 conditions	
(Gómez‐Guerrero	et	al.,	2013;	Lévesque	et	al.,	2014).	Nonetheless,	
this	C	could	potentially	not	be	translated	into	enhanced	tree‐ring	
growth	(Peñuelas,	Canadell,	&	Ogaya,	2011),	but	could	go	to	other	
potential	sinks,	like	stem	or	root	storage	(Muller	et	al.,	2011;	Piper	
&	Fajardo,	 2016;	Piper	 et	 al.,	 2017).	 If	 this	were	 true,	we	would	
find	higher	C	storage	 in	stem	and	roots	 throughout	 the	past	de‐
cades	than	in	previous	times.	Carbon	storage,	in	the	form	of	non‐
structural	carbohydrates	(NSC),	is	a	highly	dynamic	pool	that	is	not	
confined	to	specific	tree‐ring	years	but	mobilize	across	tree	rings	
over	time	(Carbone	et	al.,	2013),	which	makes	it	difficult	to	study	
changes	in	C	reserves	across	decades	in	a	retrospective	way,	as	is	
done	with	wood	isotopic	signals.

5  | CONCLUSIONS

Making	use	of	tree	rings	as	a	natural	archive	of	climatic	fluctuations,	
we	assert	that	the	1970s‐climatic	shift	has	significantly	altered	tree	
growth	patterns	in	the	Nothofagus pumilio	tree	line	of	the	southern	
Andes.	Given	that	this	general	growth	decline	occurred	across	for‐
ests	 separated	by	almost	2,000	km	and	with	contrasting	climates,	
we	 suggest	 that	 macroscale	 environmental	 forcings	 modulate	 re‐
gional	 forest	 growth	 reductions.	 These	 results	 are	 in	 accordance	
with	other	evidence	gathered	across	the	globe	which	demonstrates	
that	 decreases	 in	 tree	 growth	 are	 accelerating	 in	many	 forest	 bi‐
omes	 as	 a	 consequence	 of	 a	 drier	 climate	 (e.g.,	 Gómez‐Guerrero	
et	al.,	2013;	Lévesque	et	al.,	2014;	McDowell	&	Allen,	2015;	Sarris,	
Christodoulakis,	&	Körner,	2007;	Villalba	et	al.,	2012).	A	decrease	in	
tree	growth,	however,	may	also	be	seen	as	a	counter	effect	or	a	way	
for	trees	to	lessen	the	negative	impacts	of	warmer	and	drier	environ‐
mental	conditions,	for	example	by	increasing	their	iWUE.	Given	that	
one	of	the	most	conspicuous	expected	effects	due	to	global	warm‐
ing	is	plant	distribution	shifts,	the	response	of	tree	populations,	com‐
munities	and	biomes	to	changing	climatic	conditions	along	ecological	
boundaries,	such	as	tree	lines,	will	certainly	improve	our	capacity	to	
predict	how	plant	species’	distributions	will	change	or	remain	resil‐
ient	in	the	future.
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