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Abstract
Boreal	forests	are	facing	profound	changes	 in	their	growth	environment,	 including	
warming-induced	water	deficits,	extended	growing	seasons,	accelerated	snowmelt,	
and	permafrost	thaw.	The	influence	of	warming	on	trees	varies	regionally,	but	in	most	
boreal	forests	studied	to	date,	tree	growth	has	been	found	to	be	negatively	affected	
by	increasing	temperatures.	Here,	we	used	a	network	of	Pinus sylvestris tree‐ring col‐
lections	spanning	a	wide	climate	gradient	the	southern	end	of	the	boreal	forest	 in	
Asia	to	assess	their	response	to	climate	change	for	the	period	1958–2014.	Contrary	
to	findings	in	other	boreal	regions,	we	found	that	previously	negative	effects	of	tem‐
perature	on	tree	growth	turned	positive	in	the	northern	portion	of	the	study	network	
after	the	onset	of	rapid	warming.	Trees	in	the	drier	portion	did	not	show	this	reversal	
in	their	climatic	response	during	the	period	of	rapid	warming.	Abundant	water	avail‐
ability	 during	 the	 growing	 season,	 particularly	 in	 the	 early	 to	mid-growing	 season	
(May–July),	is	key	to	the	reversal	of	tree	sensitivity	to	climate.	Advancement	in	the	
onset	of	growth	appears	to	allow	trees	to	take	advantage	of	snowmelt	water,	such	
that	 tree	growth	 increases	with	 increasing	 temperatures	during	 the	 rapidly	warm‐
ing	period.	The	region's	monsoonal	climate	delivers	limited	precipitation	during	the	
early	growing	season,	and	thus	snowmelt	likely	covers	the	water	deficit	so	trees	are	
less	stressed	from	the	onset	of	earlier	growth.	Our	results	indicate	that	the	growth	
response	of	P. sylvestris	to	increasing	temperatures	strongly	related	to	increased	early	
season	water	availability.	Hence,	boreal	forests	with	sufficient	water	available	during	
crucial	parts	of	the	growing	season	might	be	more	able	to	withstand	or	even	increase	
growth	during	periods	of	rising	temperatures.	We	suspect	that	other	regions	of	the	
boreal	forest	may	be	affected	by	similar	dynamics.
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1  | INTRODUC TION

Among	 all	 forest	 biomes,	 boreal	 forests	 have	 experienced	 the	
strongest	 increase	 in	 temperature	 (Stocker,	 2014).	 Temperature	
can	 impact	 tree	growth	 in	boreal	 forests	 in	 several	ways:	promot‐
ing	 warming-induced	 water	 deficits	 (Adams	 et	 al.,	 2009;	 Allen	 
et	 al.,	 2010;	 Restaino,	 Peterson,	 &	 Littell,	 2016;	 Van	 Mantgem	 
et	al.,	2009),	extending	growing	seasons	(McMahon,	Parker,	&	Miller,	
2010),	accelerating	snowmelt	(Barnett,	Adam,	&	Lettenmaier,	2005),	
and	increasing	permafrost	thawing	(Schuur	&	Abbott,	2011).	Water	
deficits	 are	 exacerbated	 by	 increased	warming,	 and	 they	 are	 one	
of	the	most	proximal	climate	threats	to	boreal	forests	(Allen	et	al.,	
2010;	Gauthier,	Bernier,	Kuuluvainen,	Shvidenko,	&	Schepaschenko,	
2015).	Recent	hot	droughts	have	accelerated	widespread	growth	de‐
clines	and	forest	mortality	in	boreal	forests	of	northwestern	North	
America	(Peng	et	al.,	2011),	Western	Europe	(Ciais	et	al.,	2005),	and	
northwestern	Russia	 (Schaphoff,	Reyer,	Schepaschenko,	Gerten,	&	
Shvidenko,	 2016).	 If	 such	 trends	 continue,	 it	 is	 even	 possible	 that	
large	portions	of	the	boreal	forest	may	shift	into	a	woodland	biome,	
under	 extreme	 scenarios	 (Gauthier	 et	 al.,	 2015;	 Scheffer,	 Hirota,	
Holmgren,	Van	Nes,	&	Chapin,	2012).

Despite	the	expected	overall	negative	impact	of	climate	change	
on	 boreal	 systems,	warming	 can	 also	 have	 local	 positive	 effects	
in	 certain	 regions.	 In	 the	 boreal	 forests	 of	 northeastern	 North	
America,	 for	 example,	 abundant	 precipitation	 might	 help	 these	
ecosystems	 to	 better	 cope	 with	 future	 warming	 (D'Orangeville,	
2016).	The	alleviation	of	low	temperature	stress	can	also	increase	
plant	productivity	as	shown	for	northern	Siberian	boreal	 forests	
(Schaphoff	 et	 al.,	 2016),	 and	 longer	 growing	 seasons	 associated	
with	warming	have	been	reported	to	increase	tree	growth	in	high-
latitude	 forests	 (Peñuelas	 &	 Filella,	 2009;	 Piao,	 Friedlingstein,	
Ciais,	Viovy,	&	Demarty,	2007).	Unlike	other	forest	biomes,	water	
from	 snowmelt	 and	 permafrost	 thawing	 is	 important	 to	 boreal	
forests.	 The	 interaction	 of	 permafrost	 thawing,	 snowmelt,	 and	
temperature	 increase	could	 influence	tree	growth	more	than	cli‐
matically	driven	drought	stress	in	the	permafrost	region	of	boreal	
forests	 (Saurer,	Kirdyanov,	 Prokushkin,	Rinne,	&	 Siegwolf,	 2016;	
Sniderhan	 &	 Baltzer,	 2016;	 Sugimoto,	 Yanagisawa,	 Naito,	 Fujita,	
&	Maximov,	2002;	Zhang,	Bai,	Chang,	&	Chen,	2016;	Zhang,	Bai,	
Hou,	Chen,	&	Manzanedo,	2019).	Hence,	 the	potential	 impact	of	
warming	on	boreal	forests	is	complex	and	likely	to	require	consid‐
eration	for	both	local	and	broad-scale	factors.

Northeastern	China's	boreal	forests	reside	in	the	drier	sector	of	
Asian	 boreal	 forest	 climate	 space.	 In	 numerous	 xeric	 forest-grass‐
land	ecotones	of	 Inner	Asia,	 rapid	warming	has	 led	 to	a	decline	 in	
tree	growth	(Liu	et	al.,	2013).	Increased	birch	mortality	has	also	been	
linked	 to	 rapid	 warming	 in	 the	 boreal	 forests	 of	 southern	 Siberia	
(Kharuk,	 Ranson,	 Oskorbin,	 Im,	 &	 Dvinskaya,	 2013).	 Yet,	 limited	
studies	have	been	conducted	to	reveal	how	rapid	warming	affects	
the	boreal	forests	in	northeast	(NE)	China,	which	have	large	areas	of	
continuous	permafrost	and	long	snow-covered	periods.

Pinus sylvestris	 is	one	of	 the	most	widely	distributed	 tree	 species	
worldwide	and	contributes	a	large	proportion	of	the	biomass	of	Eurasian	

boreal	forests.	Its	growth	has	been	documented	to	have	declined	due	to	
climate	warming	across	large	parts	of	Europe	(Bigler,	Bräker,	Bugmann,	
Dobbertin,	&	Rigling,	2006;	Reich	&	Oleksyn,	2008).	Similar	growth	re‐
sponses	across	the	vast	P. sylvestris	boreal	forests	in	Asia	would	have	
major	consequences	for	the	region,	and	even	at	the	global	scale.

Here,	 we	 investigated	 the	 climate–growth	 response	 of	 23	 
P. sylvestris	populations	 that	span	most	of	 the	species'	natural	dis-
tribution	in	northeastern	China.	Temperature	increased	rapidly	after	
the	1980s	in	this	region	(Zhang	et	al.,	2016).	We	compared	growth	
trends	 for	 777	 trees	 from	 a	 period	 of	 stable	 mean	 temperatures	
(1956–1986)	to	a	period	of	rapid	warming	in	the	region	(1987–2014)	
to	assess	their	response	to	recent	warming.	Based	on	that	reported	
for	other	boreal	 forests,	we	hypothesized	that	P. sylvestris	 trees	 in	
the	 relatively	 dry	 region	of	NE	China	would	 respond	positively	 to	
temperature	in	the	non-warming	period	(1956–1986)	and	then	neg‐
atively	 in	 the	 rapidly	warming	 period	 (1987–2014)	 due	 to	 drought	
stress.	 Alternatively,	 if	 increased	 temperature	 alleviates	 low	 tem‐
perature	 stress,	 and	 thereby	 extends	 the	 growing	 season,	we	 hy‐
pothesized	that	the	temperature	response	of	tree	growth	across	the	
study	 region	would	be	 increasingly	positive	 throughout	 the	entire	
record	and,	in	particular,	during	the	period	of	rapid	warming.	Finally,	
we	hypothesized	that	water	in	all	forms,	such	as	snowmelt	and	grow‐
ing	 season	 precipitation,	 became	 a	 key	 constraint	 to	 tree	 growth	
during	 rapid	warming	periods,	 given	 that	 snowmelt	water	 is	 a	 key	
water	resource	for	tree	growth	in	boreal	forests	(Grippa	et	al.,	2005;	
Vaganov,	Hughes,	Kirdyanov,	Schweingruber,	&	Silkin,	1999).

2  | MATERIAL S AND METHODS

2.1 | Study region

Pinus sylvestris	is	widely	distributed	across	the	boreal	forests	and	oc‐
cupies	large	regions	in	NE	China,	where	it	has	its	southeastern	distri‐
bution	boundary	(Figure	1a).	Pinus sylvestris	is	mainly	distributed	in	
the	northern	region	of	northeastern	China,	but	there	are	some	relic	
populations	 in	more	 southerly	 areas	 (Figure	 1b).	 The	 region	 has	 a	
monsoonal	climate	(Figure	S1).	The	high-altitude	areas	in	the	center	
of	our	study	 region	are	 the	coldest,	 followed	by	 the	northern	and	
the	relatively	mild	southern	regions.	In	terms	of	aridity,	the	western	
and	southern	portions	are	subarid,	while	the	eastern	and	northern	
portions	 of	 the	 study	 region	 are	 subhumid	 (Figure	 S2).	 The	mean	
summer	temperature	is	lower	than	20°C,	and	winter	temperature	is	
around	−30°C	(Figure	S1).	Precipitation	is	normally	distributed	with	
a	peak	in	summer	through	this	region.	Drought	is	more	prevalent	in	
this	region	than	in	Europe	(Figure	1a;	Figure	S3).

Twenty-three	 sites	were	 sampled	 from	 old-growth	P. sylvestris 
forests,	covering	most	of	 the	natural	distribution	of	 the	species	 in	
northeastern	China	(Table	S1).	Sites	were	located	far	from	residen‐
tial	 areas	 and	we	know	of	 no	notable	 fire	 history	 that	 could	have	
disturbed	our	target	trees.	Two	or	three	cores	were	taken	from	each	
tree	at	breast	height	 (1.3	m)	using	an	 increment	borer.	At	 least	20	
trees	were	cored	in	each	site,	with	the	exception	of	Jinhe2,	where	
we	cored	only	four	trees	due	to	the	limited	number	of	trees.	In	total,	
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1,504	cores	from	777	trees	were	collected	(Table	S1).	The	sampled	
trees	were	 selected	 using	 a	 random	 sampling	 design	 to	maximize	
their	climatic	signal	(Nehrbass-Ahles	et	al.,	2014).

All	samples	were	dried	and	glued	to	wooden	mounts	and	sanded	
until	growth	rings	were	clearly	visible.	Rings	on	all	cores	were	visu‐
ally	cross-dated	and	then	measured	to	the	nearest	0.001	mm	using	
the	 LINTAB5	 measuring	 system.	 The	 measured	 ring	 widths	 were	
verified	 using	 COFECHA	 (Holmes,	 1983).	 Site	 chronologies	 were	
developed	using	 the	program	ARSTAN	 (Cook	&	Holmes,	1984).	 In	
each	site,	trees	were	detrended	using	a	linear	or	negative	exponen‐
tial	 function.	The	standard	 (STD)	chronologies	created	 in	ARSTAN	
were	used	for	subsequent	analyses	 (Figure	S4).	Chronology	statis‐
tics	are	provided	 in	Table	S1.	The	expressed	population	signal	sta‐
tistic	(Wigley,	Briffa,	&	Jones,	1984)	was	used	to	evaluate	whether	
a	 chronology	 is	 representative	 of	 the	 sampled	 populations	with	 a	
commonly	used	threshold	of	0.85	(Wigley	et	al.,	1984).	All	our	site	
chronologies	were	representative	of	the	sampled	populations	over	
the	common	period	of	1950–2014.

2.2 | Climate data

Monthly	climate	data	were	obtained	from	the	Chinese	Meteorological	
Data	Sharing	Service	System	 (http://cdc.cma.gov.cn/).	 The	 longest	
and	 most	 continuous	 climate	 records	 from	 these	 stations	 ranged	
from	1957	 to	2014.	These	data	were	used	 for	correlation	analysis	
with	the	site	chronologies	to	identify	significant	climate–growth	re‐
lationships.	Since	only	eight	weather	stations	are	located	in	or	near	
the	study	region,	we	also	included	high-resolution	precipitation	data	
from	the	Asian	Precipitation—Highly	Resolved	Observational	Data	
Integration	Towards	the	Evaluation	of	Water	Resources—Monsoon	
Asia	(APHRODITE-MA;	Yatagai	et	al.,	2009).	The	climate	data	have	
a	high	 resolution	 (0.25°	×	0.25°	grid),	which	allows	us	 to	compare	
precipitation	 values	 between	 sites.	 The	monthly	 station	 data	 and	
the	APHRODITE-MA	data	were	highly	 correlated	with	 each	other	
(R2 > .82; p	<	.001).

The	vapor	pressure	deficit	 (VPD)	and	 the	 standardized	precip‐
itation	 evapotranspiration	 index	 (SPEI)	 are	 widely	 used	 to	 reflect	

F I G U R E  1  The	moisture	availability	
over	the	distribution	of	Pinus sylvestris	(a)	
and	the	locations	of	the	23	sites	sampled	
in	northeast	(NE)	China	(b).	(a)	The	drought	
conditions	(PDSI	from	1957	to	2014)	
across	the	distribution	of	P. sylvestris.	The	
boreal	forest	of	NE	China	is	located	at	a	
drier	site	than	that	in	Europe.	The	species	
range	was	modified	from	the	EUFORGEN	
distribution	map	(http://www.eufor	gen.
org/speci	es/pinus-sylve	stris	).	(b)	The	
sample	sites	and	meteorological	stations	
in	NE	China.	The	network	of	sample	sites	
covered	most	of	the	natural	distribution	
of P. sylvestris	in	NE	China.	No	P. sylvestris 
trees	are	distributed	in	the	center	part	of	
the	study	region.	Black	lines	delineate	the	
natural	distribution	boundaries	of	 
P. sylvestris	in	NE	China

http://cdc.cma.gov.cn/
http://www.euforgen.org/species/pinus-sylvestris
http://www.euforgen.org/species/pinus-sylvestris
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drought	 conditions.	 VPD	 was	 calculated	 based	 on	 monthly	 max‐
imum	 temperature,	 minimum	 temperature,	 and	 relative	 humidity	
(Anderson,	 1936).	 SPEI	 is	 a	 multi-scalar	 drought	 index	 based	 on	
climatic	 data	 to	 reflect	 the	 effects	 of	 temperature	 and	water	 bal‐
ance,	and	the	anomalies	in	the	difference	between	precipitation	and	
potential	 evapotranspiration	 (Vicente-Serrano,	 Beguería,	&	 López-
Moreno,	2010).	 It	was	used	 to	determine	 the	onset,	duration,	and	
magnitude	of	drought	conditions	with	respect	to	normal	conditions	
in	forest	systems.	Regional	SPEI	values	(47°–54°N,	119°–124°E)	for	
the	 period	 1957–2014	 were	 downloaded	 from	 http://spei.csic.es/
index.html.

Daily	 temperature	 data	 were	 obtained	 from	 the	 Chinese	
Meteorological	Administration	and	used	 to	calculate	 the	start	and	
end	of	the	growing	season.	The	start	of	growing	season	was	deter‐
mined	as	the	time	when	daily	temperature	was	above	5°C	for	five	
continuous	days	which	 is	based	on	 typical	 values	 for	 the	onset	of	
xylogenesis	(Rossi	et	al.,	2008),	while	the	end	of	growing	season	was	
calculated	using	a	daily	temperature	threshold	of	below	0°C.

Regional	snow	cover	fraction	(Estilow,	Young,	&	Robinson,	2015)	
(47°–54°N,	119°–124°E)	for	the	period	1957–2014	was	downloaded	
from	the	website	https	://clima	te.rutge	rs.edu/snowc	over/index.php.	
In	situ	gravimetric	soil	moisture	data	from	Huma	station	 (51.72°N,	
126.65°E)	 in	 the	 Global	 Soil	 Moisture	 Data	 Bank	 (Robock	 et	 al.,	
2000)	was	downloaded	from	the	website	http://clima	te.envsci.rutge	
rs.edu/soil_moisture.	To	avoid	the	bias	of	soil	moisture	data	from	sin‐
gle	station,	high-resolution	satellite-observed	soil	moisture	data	for	
the	region	 (47°–54°N,	119°–124°E)	were	also	used	to	evaluate	the	
soil	moisture	patterns	across	the	study	region	(Dorigo	et	al.,	2017).	
The	 snowmelt	water	was	 calculated	 from	 temperature	 and	winter	
precipitation	 data	 according	 to	 a	 simple	 formula:	M = Cm(Ta	 −	 Tb)	
(Vaganov	et	al.,	1999),	where	M	 is	 snowmelt	 in	mm/day;	Cm	 is	 the	
degree‐day coefficient in mm/degree‐day; Ta	 is	 the	mean	daily	 air	
temperature	 (°C);	 Tb	 is	 base	 temperature;	Cm	 is	 often	 set	 as	 2.74	
(USDA,	SCS,	2004);	and	Tb	is	set	as	0°C.	The	total	snowmelt	water	
was	estimated	by	winter	precipitation.

2.3 | Methods

We	calculated	the	correlations	between	each	STD	chronology	and	
climate	 (monthly	 mean	 temperature	 and	 monthly	 total	 precipita‐
tion)	 from	the	nearest	climate	station	using	a	Pearson	correlation.	
Climate–growth	correlations	were	calculated	for	every	month	dur‐
ing	 the	growing	 season	 (April–September).	We	also	 calculated	 the	
correlation	of	growth	with	seasonally	averaged	climatic	variables,	as	
this	 can	 be	more	 representative	 of	 climatic	 conditions	 than	 single	
months	 (Cook,	 Meko,	 Stahle,	 &	 Cleaveland,	 1999).	 Time-depend‐
ent	 tree	 growth	 and	 climate	 relationships	were	 estimated	 using	 a	
Kalman	filter	(Allen	et	al.,	2018;	Deusen,	1990;	Visser	&	Molenaar,	
1988,	1990).	The	variations	of	correlation	coefficients	between	cli‐
mate	 factors	 and	 site	 chronologies	were	 assessed	 using	 a	moving	
window	correlation	analysis.	We	used	a	fixed	window	of	30	years,	
and	 iterations	were	 repeated	 in	1	 year	 increments.	 The	 long-term	
trend	 of	 tree	 growth	 was	 detected	 using	 the	 ensemble	 empirical	

mode	decomposition	method	 (Wu	&	Huang,	2009)	 to	 identify	 the	
switch	in	tree	growth.

The	 correlation	 between	 total	 precipitation	 and	 the	 growth–
temperature	correlation	during	May–July	across	sites	was	calculated	
to	 investigate	 the	 potential	 interactive	 effects	 of	 precipitation	 on	
growth–temperature	dependencies.	We	also	 investigated	how	 the	
interactions	 between	 precipitation	 and	 the	 growth–temperature	
correlation	might	have	changed	using	a	30-year	window	to	assess	
their	consistency	during	the	study	period.

Structural	 equation	modeling	 (SEM)	was	used	 to	 address	 the	
effects	 of	 multiple	 climate	 variables	 on	 radial	 growth	 and	 re‐
veal	 the	 relative	 importance	 of	 various	 climate	 variables	 on	 ra‐
dial	 growth	 by	 partitioning	 covariance	 among	 variables	 (Elliott,	
Miniat,	Pederson,	&	Laseter,	2015).	Variables	were	selected	from	
those	 significantly	 correlated	with	 radial	 growth.	 The	 SEM	with	
observed	 variables	 was	 used	 to	 test	 our	 hypothesis	 using	 the	
program	Amos	v25	(IBM	company).	We	tested	the	relative	impor‐
tance	 of	 variables	 that	 may	 influence	 tree	 growth	 between	 the	
period	 1958–1986	 and	 the	 period	 1987–2014.	 Variables	 used	 in	
the	models	were	mean	tree-ring	chronology	for	the	northern	20	
sites	(radial	growth);	April	snowmelt	(Snowmelt4);	May–July	mean	
temperature	 (TEM57);	 August	 mean	 temperature	 (TEM8);	 May–
August	 total	 precipitation	 (PRE58);	 May–August	 SPEI	 (SPEI58).	
Mean	temperature	was	separated	into	two	variables	(e.g.,	TEM57 
and	TEM8)	because	only	 the	effect	of	TEM57	on	 tree	growth	re‐
versed	 between	 the	 two	 periods.	 April	 snowmelt	 was	 included	
in	 the	SEM	to	assess	 the	 influence	of	 snowmelt	on	 tree	growth.	
Models	with	different	variables	were	 tested	and	 the	 final	model	
with	 the	 best	 fitness	 indices	was	 used	 (χ2,	 p	 value,	 Normed	 Fit	
Index	 [NFI],	 Comparative	 Fit	 Index	 [CFI],	 and	 root	mean	 square	
error	of	approximation	[RMSEA],	with	NFI	>	0.9,	CFI	>	0.9,	p > .05 
and,	lower	χ2	and	RMSEA	indicate	satisfactory	fit).

3  | RESULTS

There	was	no	 long-term	 increasing	 trend	 in	April–September	 tem‐
perature	from	1958	to	1986.	Starting	in	1987,	the	region	experienced	
a	period	of	rapid	warming	(Figure	S5a).	Mean	temperature	from	1987	
to	2014	was	about	1°C	higher	than	that	from	1958	to	1986.	Despite	
this	warming,	neither	precipitation	nor	SPEI	had	a	 long-term	trend	
(Figure	S5b,c).	In	parallel	with	changes	in	mean	temperature	around	
1987,	tree	growth	also	showed	an	increasing	trend	after	1987,	while	
tree	growth	declined	slightly	before	that	year	(Figure	S6).	The	rela‐
tionship	between	tree	growth	and	May	temperature	changed	from	
negative	to	positive	around	1987.	This	date	was	determined	using	a	
Kalman	filter	(Figure	S7).	In	addition,	temperature–growth	relations	
were	negative	in	the	period	1956–1986	but	switched	to	positive	in	
the	period	1987–2014	(Figure	2;	Figure	S8).	Tree	growth	was	nega‐
tively	correlated	with	monthly	temperatures	from	April	to	July	in	21	
of	our	23	sites	in	the	period	1958–1986.	However,	after	1987,	all	20	
northernmost	sites	have	reversed	their	climate	response,	showing	a	
positive	influence	of	temperatures	in	April,	May,	and	July	(Figure	2).	

http://spei.csic.es/index.html
http://spei.csic.es/index.html
https://climate.rutgers.edu/snowcover/index.php
http://climate.envsci.rutgers.edu/soil_moisture
http://climate.envsci.rutgers.edu/soil_moisture
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Correlation	coefficients	at	the	population	level	changed	greatly,	in‐
creasing	from	0.29	to	0.71	(median	=	0.55;	SD	=	0.13)	in	the	northern	
sites	between	the	two	climate	periods.	At	the	same	time,	the	mean	
basal	area	increment	(BAI)	of	the	20	northern	sites	showed	a	signifi‐
cant	positive	trend	(r	=	.66,	p	<	.01)	during	the	period	of	rapid	warm‐
ing	(Figure	3).	Growth	increased	by	an	average	of	9.23	mm2	BAI/year	
since	1987.

When	examining	the	influence	of	drought	on	tree	growth	from	
April	to	August,	both	monthly	precipitation	and	SPEI	showed	posi‐
tive	correlations	with	tree	growth	before	1987.	These	correlations	
strengthened	slightly	across	all	sites	during	the	rapidly	warming	pe‐
riod	(Figure	S9).

Warmer	 temperatures	 likely	 triggered	 an	 early	 onset	 of	 the	
growing	 season	 (Figure	 4).	 The	 start	 of	 the	 growing	 season	 ad‐
vanced	by	2	days	per	decade	since	1959.	Consequently,	the	grow‐
ing	season	starts	10–12	days	earlier	in	average	by	2014,	compared	
with	1959	(Figure	4).	The	growing	season	started	around	mid-May	
during	the	first	5	years	of	our	study	period,	but,	the	onset	of	the	
growing	season	advanced	to	late-April	by	the	last	5	years.	We	did	
not	find	a	significant	change	in	the	end	of	the	growing	season	date	
for	 the	 common	 period	 (Figure	 4).	We	 found	 no	 significant	 cor‐
relation	between	growing	season	length	and	tree	growth	in	both	
the	non-warming	(r	=	−.35–.1,	p	>	.05,	n	=	28)	and	warming	periods	

(r	 =	 .1–.35,	 p	 >	 .05,	 n	 =	 28),	 and	 no	 significant	 relationship	was	
determined	 for	 the	 whole	 period	 as	 well.	 There	 was	 no	 signifi‐
cant	correlation	between	permafrost	thaw	depth	and	tree	growth	
(r	=	−.27–.32,	p	>	.05,	n	=	40).

Despite	the	rapid	warming	since	1987,	instrumental	records	from	
1967	to	2014	indicate	that	the	snowpack	in	our	study	area	regularly	
lasted	until	April	and	historical	weather	records	showed	early-April	
precipitation	mainly	fell	in	the	form	of	snow	(Figure	4).	While	mean	
temperature	in	April	is	below	0°C,	snowmelt	began	in	late-April,	and	
snowpack	 generally	 disappeared	 in	 early-May.	 The	 time	 series	 of	
snow	cover	fraction	in	the	region	indicates	virtually	no	snow	cover	
in	May	 after	 1979	 (Figure	 4b).	 Soil	moisture	 records	 also	 showed	
reduced	 soil	 water	 content	 from	May	 15	 to	 June	 7	 (Figure	 S10).	
Snowmelt	water	had	become	more	available	for	tree	growth	during	
the	warming	period	 in	 the	northern	18	sites	 (Figure	S11).	We	also	
detected	that	negative	effects	of	May	VPD	on	tree	growth	reversed	
since	1987,	when	the	start	of	tree	growth	appears	to	coincide	with	
higher	soil	water	content	(Figure	S12).

Based	on	the	above	results,	we	hypothesized	that	the	shifting	of	
the	growing	season	to	April	during	the	period	of	rapid	warming,	the	
presence	of	snow	cover	during	early	growing	season	or	just	preced‐
ing	the	onset	of	the	growing	season,	and	a	consequent	alleviation	of	
water	 limitation	during	the	early	growing	season	contribute	to	the	

F I G U R E  2  Monthly	and	seasonal	
correlation of Pinus sylvestris	growth	with	
temperature	in	the	non-warming	period	
(1957–1986)	and	in	the	warming	period	
(1987–2014).	Months	include	current	
growing	season	(April–September),	and	
seasons	include	April	to	September	 
(Apr–Sep)	and	May	to	September	
(May–Sep).	The	solid	line	in	each	group	
represents	the	mean	correlation	value	
of	the	group.	The	sites	were	listed	from	
north	to	south	according	to	their	latitudes.	
The	correlations	between	temperature	
and	tree	growth	were	largely	reversed	
between	the	two	periods.	The	horizontal	
lines	indicate	the	significance	level	
(p	=	.05)
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F I G U R E  3  The	basal	area	increment	
(BAI)	for	every	site	and	mean	across-site	
BAI	trend.	(a)	The	mean	BAI	for	the	20	
northern	sites,	and	its	trends	before	and	
after	the	year	1987.	(b)	The	mean	BAI	for	
the	three	southern	sites,	and	its	trends	for	
each	period

F I G U R E  4  Changes	in	growing	season	
length	and	snow	cover	fraction	from	
1967	to	2014.	(a)	Changes	in	the	start	day	
and	end	day	of	the	growing	season	from	
1960	to	2014.	Dashed	lines	represent	the	
climate	stations,	and	solid	lines	represent	
the	regional	mean.	Shaded	areas	represent	
the	confidence	interval.	A	significant	
trend	was	found	for	the	beginning	of	the	
growing	season,	but	not	for	the	end	of	
the	growing	season.	(b)	Changes	in	snow	
cover fraction from 1967 to 2014. Snow 
existed	in	April,	but	mostly	disappeared	
by	May
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reversed	correlation	between	temperature	and	growth	for	April	and	
May	since	1987.	If	this	is	the	case,	early	and	mid-growing	season	pre‐
cipitation	ought	 to	 influence	the	correlation	between	temperature	
and	growth.	To	test	 this	hypothesis,	we	examined	the	relationship	
between	early	to	mid-growing	season	(May–July)	precipitation	and	
temperature–growth	correlation	during	the	periods	with	no	warm‐
ing	and	rapid	warming	(Figure	5).	We	found	no	significant	correlation	
between	precipitation	and	temperature–growth	correlation	prior	to	
the	period	with	 rapid	warming	 (r	 =	 .17,	p	 >	 .05),	 but	 an	extremely	
strong	 and	 significant	 correlation	 with	 precipitation	 since	 1987	
(r	=	.78,	p	<	.001).	The	relationship	between	total	May–July	precipi‐
tation	and	the	growth	response	to	temperature	became	increasingly	
positive	since	1987	(Figure	5c).

We	also	tested	this	hypothesis	using	SEM,	which	indicated	that	
snowmelt	water	and	precipitation	became	more	important	for	tree	
growth	during	the	warming	period	(Figure	6).	The	SEM	framework	
also	 indicates	 that	 temperature	 did	 exacerbate	 droughts,	 but	 that	
the	influence	of	drought	on	tree	growth	decreased	due	to	a	compen‐
sating	effect	of	a	strengthening	relationship	between	precipitation	
and	 radial	 growth.	 The	 effect	 of	 May–July	 temperature	 reversed	
from	negative	to	positive	between	the	two	periods.

4  | DISCUSSION

While	 the	 growing	 season	 has	 been	 advancing	 progressively	 over	
the	 entire	 study	 period,	 a	 switch	 seems	 to	 have	 occurred	 around	

F I G U R E  5  Relationship	between	the	
temperature–growth	correlation	of	Pinus 
sylvestris	and	precipitation.	(a)	Correlation	
between	May	and	July	precipitation	and	
the	temperature–growth	correlation.	
Blue	dots	represent	the	correlation	in	the	
period	1957–1986;	red	dots	represent	
the	correlation	in	the	period	1987–2014.	
Temperature–growth	correlation	was	
calculated	for	May–July.	A	significant	
increase	in	the	precipitation	dependency	
of	the	temperature–growth	relationship	
was	found	from	the	year	1986	in	the	
study	region.	(b)	Shift	in	growth	response	
to	temperature	between	the	period	
1958–1986	and	the	period	1987–2014.	
(c)	Temporal	changes	in	the	relationship	
between precipitation and temperature–
growth	correlation	moving	with	the	 
30‐year window

F I G U R E  6  A	structural	equation	model	(SEM)	with	standardized	
path	coefficients	for	climate	variables	and	radial	growth	
(standardized	tree-ring	width)	during	the	1958–1986	(blue)	and	
1987–2014	(red)	periods.	Variables	used	in	the	models	were	radial	
growth,	as	represented	by	the	mean	tree-ring	chronology	for	the	
northern	20	sites.	Snowmelt4,	April	total	snowmelt;	TEM57,	May–
July	mean	temperature;	TEM8,	August	mean	temperature;	PRE58,	
May–August	total	precipitation;	SPEI58,	May–August	SPEI.	TEM57 
and	TEM8	were	separated	into	two	variables	because	the	effect	of	
TEM57	on	tree	growth	reversed	between	two	periods.	The	model	
fit	was	χ2	=	3.022,	df	=	5,	p	=	.697,	NFI	=	0.935,	CFI	=	1.00,	with	
RMSEA	=	0.00	for	the	non-warming	period	and	χ2	=	4.855,	df	=	5,	
p	=	.434,	NFI	=	0.918,	CFI	=	1.00,	with	RMSEA	=	0.00	for	the	
warming	period.	All	diagnostics	indicate	satisfactory	fit	 
(i.e.,	NFI	>	0.9,	CFI	>	0.9,	and	p	>	.05)
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1987	when	the	advancement	of	the	growing	season	was	sufficient	
to	 overlap	 temporally	with	 high	 soil	water	 availability	 from	 snow‐
melt.	The	combination	of	the	progressive	advancement	of	the	grow‐
ing	season	and	the	increased	availability	of	snowmelt	water	during	
the	critical	early	part	of	the	growing	season	enabled	the	distinct	re‐
sponse	of	growth	to	temperature	between	the	early	and	late	study	
period	in	the	northern	region.

Our	 findings	 contrast	 with	 those	 reported	 in	 other	 American	
and	 European	 boreal	 ecosystems,	 where	 increasing	 temperatures	
are	often	associated	with	a	shift	from	positive	to	negative	tempera‐
ture–growth	relations	(Ciais	et	al.,	2005;	Peng	et	al.,	2011;	Schaphoff	
et	 al.,	 2016).	 In	 these	 studies,	water	 deficits	were	 exacerbated	by	
increasing	temperature,	which	have	been	suggested	to	be	the	main	
drivers	of	widespread	increases	in	tree	mortality	(Adams	et	al.,	2009;	
Allen	et	al.,	2010;	Restaino	et	al.,	2016;	Van	Mantgem	et	al.,	2009).	
The	 strengthened	 correlations	of	 tree	growth	and	precipitation	 in	
our	populations	during	 the	period	of	warming	suggest	 that,	 like	 in	
American	and	European	boreal	forests,	there	was	an	increase	in	de‐
mand	for	moisture	with	warming.	Hence,	there	is	consistency	in	our	
results	versus	other	boreal	systems	with	regard	to	the	physiological	
response	of	boreal	trees	to	warming.

Extended	 growing	 seasons	 in	 boreal	 systems	 are	 linked	 to	 in‐
creased	temperatures	(D'Orangeville	et	al.,	2016;	Peñuelas	&	Filella,	
2009;	Piao	et	al.,	2007).	Our	findings	are	consistent	with	other	stud‐
ies	indicating	that	an	extended	growing	season	is	primarily	driven	by	
an	advancement	of	spring	(Chen,	Hu,	&	Yu,	2005;	Song,	Linderholm,	
Chen,	&	Walther,	2010).	However,	there	was	limited	direct	influence	
of	extended	growing	season	on	P. sylvestris	growth	during	the	period	
of	study	in	our	network;	permafrost	thaw	depth	showed	little	rele‐
vance,	too.	Therefore,	the	direct	influence	of	growing	season	length	
and	permafrost	 thaw	depth	on	 tree	growth	appear	of	 little	 impor‐
tance	over	the	last	few	decades.

Most	radial	growth	of	P. sylvestris	was	produced	during	May–July	
(Rossi	et	al.,	2008;	Seo,	Eckstein,	 Jalkanen,	&	Schmitt,	2011).	May	
precipitation	in	our	study	region	is	low,	ranging	from	20	to	40	mm.	
The	combination	of	high	temperatures	in	May	prior	to	1986,	the	low	
amount	of	precipitation,	and	a	small	fraction	of	snow	cover	might	have	
made	trees	water-limited	at	the	start	of	the	growing	season.	In	con‐
trast,	as	the	start	of	the	growing	season	moved	progressively	toward	
late-April,	 instrumental	records	 indicate	the	potential	 for	a	greater	
amount	of	water	in	the	form	of	snowpack.	Mean	snow	cover	fraction	
from	1987	to	2014	in	April	was	23%	(range	=	0%–73%,	SD	=	0.18)	
compared	to	0%	in	May.	Snowmelt	is	an	important	water	resource	
for	 tree	 growth	during	 the	 early	 growing	 season	 in	 boreal	 forests	
(Grippa	 et	 al.,	 2005;	Kirdyanov,	Hughes,	Vaganov,	 Schweingruber,	
&	Silkin,	2003;	Vaganov	et	al.,	1999).	Counterintuitively,	snowpack	
appears	 to	melt	at	a	 lower	 rate	 in	a	warmer	world	because	of	 the	
contraction	 of	 the	 snowmelt	 season	 to	 periods	 of	 lower	 available	
energy	(Musselman,	Clark,	Liu,	 Ikeda,	&	Rasmussen,	2017).	The	in‐
teraction	between	the	advancement	of	the	growing	season	and	the	
presence	 of	 snow	 cover	 in	April	 gave	 trees	 access	 to	more	water	
than	when	the	growing	season	generally	commenced	in	mid-May.	In	
some	temperate	and	boreal	forests,	snow	thaw	circles	occur	around	

the	tree	trunks,	a	phenomenon	also	observed	 in	our	study	region.	
These	snow	thaw	circles	provide	water	for	plant	growth	in	the	early	
growing	season	(Vellend,	Young,	Letendre,	&	Rivest,	2017).	A	result‐
ing	 higher	 soil	water	 content	 could	 offset	 the	 negative	 influences	
of	VPD	on	turgor	pressure	(Rogiers	et	al.,	2011),	which	is	crucial	for	
cell	enlargement.	In	contrast,	limited	soil	moisture	leads	to	stomatal	
closure,	which	would	exacerbate	the	effects	of	higher	VPD,	resulting	
in	lower	turgor	pressure.	Water	is	also	an	important	source	for	the	
manufacturing	of	carbohydrates.	Carbohydrates	created	and	stored	
early	during	the	growing	season	can	be	used	to	resist	nutrient	lim‐
itation,	cold,	or	drought	(Palacio,	Hoch,	Sala,	Körner,	&	Millard,	2014;	
Puri,	Hoch,	&	Körner,	2015).

We	 found	 a	more	positive	 growth	 response	 to	 temperature	 in	
populations	 where	 there	 is	 substantial	 precipitation	 from	May	 to	
July	(ranging	from	201	to	265	mm)	versus	those	in	a	drier	portion	of	
our	network	(May–July	precipitation	ranged	from	145	to	160	mm).	
Pinus sylvestris	 in	a	cold-dry	forest	 in	Siberia	near	 to	our	study	re‐
gion	 increased	 growth	 in	 areas	where	May–July	 precipitation	was	
>160	mm,	 while	 growth	 declined	 at	 the	 same	 time	 in	 drier	 areas	
within	that	study	(Shestakova,	Voltas,	Saurer,	Siegwolf,	&	Kirdyanov,	
2017).	It	might	be	that	the	P. sylvestris	in	northeastern	China	have	a	
similar	growth	response	to	warming	around	the	threshold	observed	
in	populations	in	nearby	Siberia.	Similarly,	in	the	nearby	dry	regions,	
basal	 areal	 increment	 of	 trees	 decreased	 in	 regions	 where	 mean	
annual	precipitation	 (MAP)	 is	200–400	mm,	while	 tree	growth	 in‐
creased	in	regions	where	MAP	is	400–700	mm	(Liu	et	al.,	2013).

We	have	identified	an	interaction	between	rapid	warming,	shift‐
ing	growing	seasons,	 regional	climate,	and	the	growth	response	of	
trees	 in	a	boreal	forest	system.	Access	to	snowmelt	water	with	an	
earlier	arrival	of	growing	season	conditions	combined	with	sufficient	
precipitation	allowed	trees	to	benefit	from	rapid	warming.	However,	
unlike	other	boreal	forest	regions,	the	monsoonal	climatology	in	our	
study	region	made	snowmelt	water	a	critical	supply	of	water	in	the	
early	growing	season.

Widespread	 forest	 decline	 is	 being	 reported	 in	western	North	
America	(Restaino	et	al.,	2016;	Van	Mantgem	et	al.,	2009),	Europe	
(Bigler	et	al.,	2006;	Ciais	et	al.,	2005),	and	Russia	(Schaphoff	et	al.,	
2016).	Although	Europe	 is	generally	wetter	 than	our	study	region,	
European	Scots	pine	populations	suffered	from	growth	decline	and	
high	forest	mortality	associated	with	drought,	except	in	the	far	north	
(Bigler	et	al.,	2006;	Reich	&	Oleksyn,	2008),	 indicating	the	species	
might	shift	 its	distribution	northward	 in	Europe.	However,	 the	bo‐
real P. sylvestris	 populations	 in	 northeastern	 China	 is	 responding	
positively	to	climate	warming,	showing	 increased	growth	 in	recent	
years.	Our	 results	 indicate	 that	water	 availability	 at	 the	beginning	
of	the	growing	season	might	be	critical	 in	the	adaptation	of	boreal	 
P. sylvestris	to	rising	temperatures	in	monsoonal	Asia.

ACKNOWLEDG EMENTS

This	work	was	funded	by	the	National	Natural	Science	Foundation	
of	 China	 (41601045,	 41871027,	 31570632,	 and	 41571094).	 We	
gratefully	acknowledge	Betsy	A.	Colburn,	Noah	D.	Charney,	Valerie	



     |  9ZHANG et Al.

Pasquarella,	and	Wenqing	Li	at	Harvard	Forest,	Harvard	University	
for	their	constructive	comments.	R.D.M.	is	supported	by	the	Swiss	
National	Science	Foundation	(Early	Post.doc	Mobility	scheme).	X.Z.	
acknowledges	financial	support	from	the	China	Scholarship	Council	
(No.	 201708210141),	 and	 talents	 introduction	 program	 in	 Hebei	
Agricultural	University	(YJ201918).

CONFLIC T OF INTERE S T

The	authors	declare	that	no	conflict	of	interests	exists.

AUTHOR CONTRIBUTION

X.Z.,	N.P.,	and	Z.C.	conceived	the	idea.	X.Z.,	Z.C.,	and	X.B.	collected	
tree	 cores.	 J.L.,	 F.S.,	 and	 F.Z.	measured	 the	 tree-ring	width.	M.H.	
provided	climate	data	and	performed	part	of	the	analysis.	X.Z.	per‐
formed	most	 the	analysis	 and	wrote	 the	manuscript.	N.P.,	R.D.M.,	
L.D.,	T.T.R.,	and	Z.C.	provided	valuable	suggestions	and	co-wrote	the	
manuscript.

ORCID

Xianliang Zhang  https://orcid.org/0000-0002-2870-3504 

Loïc D'Orangeville  https://orcid.org/0000-0001-7841-7082 

R E FE R E N C E S

Adams,	 H.	 D.,	 Guardiola-Claramonte,	 M.,	 Barron-Gafford,	 G.	 A.,	
Villegas,	 J.	 C.,	 Breshears,	 D.	 D.,	 Zou,	 C.	 B.,	 …	 Huxman,	 T.	 E.	
(2009).	 Temperature	 sensitivity	 of	 drought-induced	 tree	 mor‐
tality	 portends	 increased	 regional	 die-off	 under	 global-change-
type	 drought.	 Proceedings of the National Academy of Sciences of 
the United States of America,	 106(17),	 7063–7066.	 https	://doi.
org/10.1073/pnas.09014	38106	

Allen,	C.	D.,	Macalady,	A.	K.,	Chenchouni,	H.,	Bachelet,	D.,	McDowell,	N.,	
Vennetier,	M.,	…	Cobb,	N.	(2010).	A	global	overview	of	drought	and	
heat-induced	 tree	mortality	 reveals	 emerging	 climate	 change	 risks	
for	forests.	Forest Ecology and Management,	259(4),	660–684.	https	
://doi.org/10.1016/j.foreco.2009.09.001

Allen,	K.	J.,	Villalba,	R.,	Lavergne,	A.,	Palmer,	J.	G.,	Cook,	E.	C.,	Fenwick,	
P.,	…	Baker,	P.	J.	(2018).	A	comparison	of	some	simple	methods	used	
to	 detect	 unstable	 temperature	 responses	 in	 tree-ring	 chronol‐
ogies.	 Dendrochronologia,	 48,	 52–73.	 https	://doi.org/10.1016/j.
dendro.2018.02.002

Anderson,	 D.	 B.	 (1936).	 Relative	 humidity	 or	 vapor	 pressure	 deficit.	
Ecology,	17(2),	277–282.	https	://doi.org/10.2307/1931468

Barnett,	T.	P.,	Adam,	J.	C.,	&	Lettenmaier,	D.	P.	(2005).	Potential	impacts	
of	 a	 warming	 climate	 on	 water	 availability	 in	 snow-dominated	 re‐
gions.	 Nature,	 438(7066),	 303–309.	 https	://doi.org/10.1038/natur	
e04141

Bigler,	 C.,	 Bräker,	 O.	 U.,	 Bugmann,	 H.,	 Dobbertin,	 M.,	 &	 Rigling,	 A.	
(2006).	Drought	as	an	inciting	mortality	factor	in	Scots	pine	stands	
of	 the	 Valais,	 Switzerland.	 Ecosystems,	 9(3),	 330–343.	 https	://doi.
org/10.1007/s10021-005-0126-2

Chen,	X.,	Hu,	B.,	&	Yu,	R.	(2005).	Spatial	and	temporal	variation	of	phe‐
nological	growing	season	and	climate	change	impacts	 in	temperate	
eastern	China.	Global Change Biology,	11(7),	1118–1130.	https	://doi.
org/10.1111/j.1365-2486.2005.00974.x

Ciais,	P.	H.,	Reichstein,	M.,	Viovy,	N.,	Granier,	A.,	Ogée,	J.,	Allard,	V.,	…	
Valentini,	R.	(2005).	Europe-wide	reduction	in	primary	productivity	
caused	by	 the	heat	 and	drought	 in	2003.	Nature,	437(7058),	 529–
533.	https	://doi.org/10.1038/natur	e03972

Cook,	E.	R.,	&	Holmes,	R.	(1984).	Program ARSTAN users manual	 (p.	15).	
Tucson,	AZ:	Laboratory	of	Tree-Ring	Research,	University	of	Arizona.

Cook,	 E.	 R.,	 Meko,	 D.	 M.,	 Stahle,	 D.	W.,	 &	 Cleaveland,	 M.	 K.	 (1999).	
Drought	 reconstructions	 for	 the	continental	United	States.	Journal 
of Climate,	 12(4),	 1145–1162.	 https	://doi.org/10.1175/1520-
0442(1999)012<1145:DRFTC	U>2.0.CO;2

D'orangeville,	 L.,	 Duchesne,	 L.,	 Houle,	 D.,	 Kneeshaw,	 D.,	 Côté,	 B.,	 &	
Pederson,	N.	(2016).	Northeastern	North	America	as	a	potential	re‐
fugium	for	boreal	 forests	 in	a	warming	climate.	Science,	352(6292),	
1452–1455.	https	://doi.org/10.1126/scien	ce.aaf4951

Dorigo,	W.,	Wagner,	W.,	Albergel,	C.,	Albrecht,	F.,	Balsamo,	G.,	Brocca,	
L.,	…	Lecomte,	P.	 (2017).	ESA	CCI	soil	moisture	for	 improved	Earth	
system	understanding:	State-of-the	art	and	future	directions.	Remote 
Sensing of Environment,	 203,	 185–215.	 https	://doi.org/10.1016/j.
rse.2017.07.001

Elliott,	K.	J.,	Miniat,	C.	F.,	Pederson,	N.,	&	Laseter,	S.	H.	 (2015).	Forest	
tree	 growth	 response	 to	 hydroclimate	 variability	 in	 the	 southern	
Appalachians.	Global Change Biology,	21(12),	4627–4641.	https	://doi.
org/10.1111/gcb.13045 

Estilow,	 T.	 W.,	 Young,	 A.	 H.,	 &	 Robinson,	 D.	 A.	 (2015).	 A	 long-term	
Northern	 Hemisphere	 snow	 cover	 extent	 data	 record	 for	 climate	
studies	 and	 monitoring.	 Earth System Science Data,	 7(1),	 137–142.	
https	://doi.org/10.5194/essd-7-137-2015

Gauthier,	S.,	Bernier,	P.,	Kuuluvainen,	T.,	Shvidenko,	A.,	&	Schepaschenko,	
D.	(2015).	Boreal	forest	health	and	global	change.	Science,	349(6250),	
819–822.	https	://doi.org/10.1126/scien	ce.aaa9092

Grippa,	 M.,	 Kergoat,	 L.,	 Le	 Toan,	 T.,	 Mognard,	 N.	 M.,	 Delbart,	 N.,	
L'Hermitte,	J.,	&	Vicente-Serrano,	S.	M.	(2005).	The	impact	of	snow	
depth	and	snowmelt	on	the	vegetation	variability	over	central	Siberia.	
Geophysical Research Letters,	32(21).	https	://doi.org/10.1029/2005G	
L024286

Holmes,	R.	L.	(1983).	Computer-assisted	quality	control	in	tree-ring	dat‐
ing	and	measurement.	Tree‐Ring Bulletin,	43,	69–78.

Kharuk,	 V.,	 Ranson,	 K.,	 Oskorbin,	 P.,	 Im,	 S.,	 &	 Dvinskaya,	 M.	 (2013).	
Climate	 induced	 birch	 mortality	 in	 Trans-Baikal	 lake	 region,	
Siberia. Forest Ecology and Management,	289,	 385–392.	https	://doi.
org/10.1016/j.foreco.2012.10.024

Kirdyanov,	A.,	Hughes,	M.,	 Vaganov,	 E.,	 Schweingruber,	 F.,	&	 Silkin,	 P.	
(2003).	 The	 importance	 of	 early	 summer	 temperature	 and	 date	 of	
snow	melt	for	tree	growth	in	the	Siberian	Subarctic.	Trees,	17(1),	61–
69.	https	://doi.org/10.1007/s00468-002-0209-z

Liu,	H.,	Park	Williams,	A.,	Allen,	C.	D.,	Guo,	D.,	Wu,	X.,	Anenkhonov,	O.	
A.,	…	Badmaeva,	N.	K.	(2013).	Rapid	warming	accelerates	tree	growth	
decline	in	semi-arid	forests	of	Inner	Asia.	Global Change Biology,	19(8),	
2500–2510.	https	://doi.org/10.1111/gcb.12217	

McMahon,	S.	M.,	Parker,	G.	G.,	&	Miller,	D.	R.	(2010).	Evidence	for	a	re‐
cent	increase	in	forest	growth.	Proceedings of the National Academy 
of Sciences of the United States of America,	107(8),	3611–3615.	https	://
doi.org/10.1073/pnas.09123	76107	

Musselman,	K.	N.,	Clark,	M.	P.,	Liu,	C.,	Ikeda,	K.,	&	Rasmussen,	R.	(2017).	
Slower	 snowmelt	 in	 a	 warmer	 world.	Nature Climate Change,	 7(3),	
214–219.	https	://doi.org/10.1038/nclim	ate3225

Nehrbass-Ahles,	 C.,	 Babst,	 F.,	 Klesse,	 S.,	 Nötzli,	 M.,	 Bouriaud,	 O.,	
Neukom,	 R.,	 …	 Frank,	D.	 (2014).	 The	 influence	 of	 sampling	 design	
on	 tree-ring-based	 quantification	 of	 forest	 growth.	Global Change 
Biology,	20(9),	2867–2885.	https	://doi.org/10.1111/gcb.12599	

Palacio,	S.,	Hoch,	G.,	Sala,	A.,	Körner,	C.,	&	Millard,	P.	(2014).	Does	carbon	
storage	limit	tree	growth?	New Phytologist,	201(4),	1096–1100.	https	
://doi.org/10.1111/nph.12602	

Peng,	C.,	Ma,	Z.,	Lei,	X.,	Zhu,	Q.,	Chen,	H.,	Wang,	W.,	…	Zhou,	X.	(2011).	A	
drought-induced	pervasive	increase	in	tree	mortality	across	Canada's	

https://orcid.org/0000-0002-2870-3504
https://orcid.org/0000-0002-2870-3504
https://orcid.org/0000-0001-7841-7082
https://orcid.org/0000-0001-7841-7082
https://doi.org/10.1073/pnas.0901438106
https://doi.org/10.1073/pnas.0901438106
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1016/j.dendro.2018.02.002
https://doi.org/10.1016/j.dendro.2018.02.002
https://doi.org/10.2307/1931468
https://doi.org/10.1038/nature04141
https://doi.org/10.1038/nature04141
https://doi.org/10.1007/s10021-005-0126-2
https://doi.org/10.1007/s10021-005-0126-2
https://doi.org/10.1111/j.1365-2486.2005.00974.x
https://doi.org/10.1111/j.1365-2486.2005.00974.x
https://doi.org/10.1038/nature03972
https://doi.org/10.1175/1520-0442(1999)012%3C1145:DRFTCU%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1999)012%3C1145:DRFTCU%3E2.0.CO;2
https://doi.org/10.1126/science.aaf4951
https://doi.org/10.1016/j.rse.2017.07.001
https://doi.org/10.1016/j.rse.2017.07.001
https://doi.org/10.1111/gcb.13045
https://doi.org/10.1111/gcb.13045
https://doi.org/10.5194/essd-7-137-2015
https://doi.org/10.1126/science.aaa9092
https://doi.org/10.1029/2005GL024286
https://doi.org/10.1029/2005GL024286
https://doi.org/10.1016/j.foreco.2012.10.024
https://doi.org/10.1016/j.foreco.2012.10.024
https://doi.org/10.1007/s00468-002-0209-z
https://doi.org/10.1111/gcb.12217
https://doi.org/10.1073/pnas.0912376107
https://doi.org/10.1073/pnas.0912376107
https://doi.org/10.1038/nclimate3225
https://doi.org/10.1111/gcb.12599
https://doi.org/10.1111/nph.12602
https://doi.org/10.1111/nph.12602


10  |     ZHANG et Al.

boreal	 forests.	 Nature Climate Change,	 1(9),	 467–471.	 https	://doi.
org/10.1038/nclim ate1293

Peñuelas,	 J.,	 &	 Filella,	 I.	 (2009).	 Phenology	 feedbacks	 on	 climate	
change.	Science,	324(5929),	887–888.	https	://doi.org/10.1126/scien	
ce.1173004

Piao,	S.,	Friedlingstein,	P.,	Ciais,	P.,	Viovy,	N.,	&	Demarty,	J.	(2007).	Growing	
season	 extension	 and	 its	 impact	 on	 terrestrial	 carbon	 cycle	 in	 the	
Northern	Hemisphere	over	the	past	2	decades.	Global Biogeochemical 
Cycles,	21(3).	https	://doi.org/10.1029/2006G	B002888

Puri,	E.,	Hoch,	G.,	&	Körner,	C.	 (2015).	Defoliation	reduces	growth	but	
not	 carbon	 reserves	 in	 Mediterranean	 Pinus pinaster	 trees.	 Trees,	
29(4),	1187–1196.	https	://doi.org/10.1007/s00468-015-1199-y

Reich,	P.	B.,	&	Oleksyn,	J.	 (2008).	Climate	warming	will	 reduce	growth	
and	 survival	 of	 Scots	 pine	 except	 in	 the	 far	 north.	Ecology Letters,	
11(6),	588–597.	https	://doi.org/10.1111/j.1461-0248.2008.01172.x

Restaino,	C.	M.,	Peterson,	D.	L.,	&	Littell,	J.	(2016).	Increased	water	deficit	de‐
creases	Douglas	fir	growth	throughout	western	US	forests.	Proceedings 
of the National Academy of Sciences of the United States of America,	113(34),	
9557–9562.	https	://doi.org/10.1073/pnas.16023	84113	

Robock,	A.,	Vinnikov,	K.	Y.,	 Srinivasan,	G.,	 Entin,	 J.	K.,	Hollinger,	 S.	 E.,	
Speranskaya,	N.	A.,	…	Namkhai,	A.	(2000).	The	global	soil	moisture	
data	bank.	Bulletin of the American Meteorological Society,	81(6),	1281–
1300.	 https	://doi.org/10.1175/1520-0477(2000)081<1281:TGSMD	
B>2.3.CO;2

Rogiers,	 S.	 Y.,	 Greer,	D.	H.,	Hatfield,	 J.	M.,	Hutton,	 R.	 J.,	 Clarke,	 S.	 J.,	
Hutchinson,	 P.	 A.,	 &	 Somers,	 A.	 (2011).	 Stomatal	 response	 of	 an	
anisohydric	grapevine	cultivar	to	evaporative	demand,	available	soil	
moisture	and	abscisic	acid.	Tree Physiology,	32(3),	249–261.	https	://
doi.org/10.1093/treep	hys/tpr131

Rossi,	 S.,	 Deslauriers,	 A.,	 Griçar,	 J.,	 Seo,	 J.-W.,	 Rathgeber,	 C.	 B.	 K.,	
Anfodillo,	T.,	…	Jalkanen,	R.	 (2008).	Critical	 temperatures	 for	xylo‐
genesis	in	conifers	of	cold	climates.	Global Ecology and Biogeography,	
17(6),	696–707.	https	://doi.org/10.1111/j.1466-8238.2008.00417.x

Saurer,	M.,	Kirdyanov,	A.	V.,	Prokushkin,	A.	S.,	Rinne,	K.	T.,	&	Siegwolf,	R.	
T.	(2016).	The	impact	of	an	inverse	climate–isotope	relationship	in	soil	
water	on	 the	oxygen-isotope	composition	of	Larix gmelinii in Siberia. 
New Phytologist,	209(3),	955–964.	https	://doi.org/10.1111/nph.13759	

Schaphoff,	S.,	Reyer,	C.	P.,	Schepaschenko,	D.,	Gerten,	D.,	&	Shvidenko,	A.	
(2016).	Tamm	review:	Observed	and	projected	climate	change	impacts	on	
Russia's	forests	and	its	carbon	balance.	Forest Ecology and Management,	
361,	432–444.	https	://doi.org/10.1016/j.foreco.2015.11.043

Scheffer,	M.,	Hirota,	M.,	Holmgren,	M.,	Van	Nes,	E.	H.,	&	Chapin,	F.	S.	
(2012).	 Thresholds	 for	 boreal	 biome	 transitions.	Proceedings of the 
National Academy of Sciences of the United States of America,	109(52),	
21384–21389.	https	://doi.org/10.1073/pnas.12198	44110	

Schuur,	E.	A.,	&	Abbott,	B.	(2011).	High	risk	of	permafrost	thaw.	Nature,	
480(7375),	32–33.	https	://doi.org/10.1038/480032a

Seo,	J.-W.,	Eckstein,	D.,	Jalkanen,	R.,	&	Schmitt,	U.	(2011).	Climatic	con‐
trol	of	intra-and	inter-annual	wood-formation	dynamics	of	Scots	pine	
in	 northern	 Finland.	 Environmental and Experimental Botany,	 72(3),	
422–431.	https	://doi.org/10.1016/j.envex	pbot.2011.01.003

Shestakova,	T.	A.,	Voltas,	J.,	Saurer,	M.,	Siegwolf,	R.	T.,	&	Kirdyanov,	A.	
V.	(2017).	Warming	effects	on	Pinus sylvestris	in	the	cold-dry	Siberian	
forest–steppe:	Positive	or	negative	balance	of	trade?	Forests,	8(12),	
490.	https	://doi.org/10.3390/f8120490

Sniderhan,	A.	E.,	&	Baltzer,	J.	L.	(2016).	Growth	dynamics	of	black	spruce	
(Picea mariana)	 in	a	rapidly	thawing	discontinuous	permafrost	peat‐
land. Journal of Geophysical Research: Biogeosciences,	121(12),	2988–
3000.	https	://doi.org/10.1002/2016J	G003528

Song,	Y.,	Linderholm,	H.	W.,	Chen,	D.,	&	Walther,	A.	(2010).	Trends	of	the	
thermal	growing	season	in	China,	1951–2007.	International Journal of 
Climatology,	30(1),	33–43.	https	://doi.org/10.1002/joc.1868

Stocker,	T.	 (2014).	Climate change 2013: The physical science basis: Working 
group I contribution to the fifth assessment report of the Intergovernmental 
Panel on Climate Change.	Cambridge,	UK:	Cambridge	University	Press.

Sugimoto,	 A.,	 Yanagisawa,	 N.,	 Naito,	 D.,	 Fujita,	 N.,	 &	 Maximov,	 T.	 C.	
(2002).	Importance	of	permafrost	as	a	source	of	water	for	plants	in	
east	Siberian	taiga.	Ecological Research,	17(4),	493–503.	https	://doi.
org/10.1046/j.1440-1703.2002.00506.x

USDA,	SCS	 (U.S.	Department	of	Agriculture,	 Soil	Conservation	Service).	
(2004).	Chapter	11	snowmelt.	In	National engineering handbook, section 
4: Hydrology	(pp.	1–27).	Washington,	DC:	Government	Printing	Office.

Vaganov,	 E.,	 Hughes,	 M.,	 Kirdyanov,	 A.,	 Schweingruber,	 F.,	 &	 Silkin,	 P.	
(1999).	Influence	of	snowfall	and	melt	timing	on	tree	growth	in	subarctic	
Eurasia.	Nature,	400(6740),	149–151.	https	://doi.org/10.1038/22087	

Van	Deusen,	P.	C.	 (1990).	Evaluating	time-dependent	 tree	ring	and	cli‐
mate	relationships.	Journal of Environmental Quality,	19(3),	481–488.	
https	://doi.org/10.2134/jeq19	90.00472	42500	19000	30021x

Van	Mantgem,	P.	J.,	Stephenson,	N.	L.,	Byrne,	J.	C.,	Daniels,	L.	D.,	Franklin,	
J.	F.,	Fulé,	P.	Z.,	…	Taylor,	A.	H.	(2009).	Widespread	increase	of	tree	
mortality	 rates	 in	 the	 western	 United	 States.	 Science,	 323(5913),	
521–524.	https	://doi.org/10.1126/scien	ce.1165000

Vellend,	M.,	Young,	A.	B.,	Letendre,	G.,	&	Rivest,	S.	(2017).	Thaw	circles	
around	tree	trunks	provide	spring	ephemeral	plants	with	a	big	head	
start	on	the	growing	season.	Ecology,	98(12),	3224–3226.	https	://doi.
org/10.1002/ecy.2024

Vicente-Serrano,	 S.	 M.,	 Beguería,	 S.,	 &	 López-Moreno,	 J.	 I.	 (2010).	 A	
multiscalar	drought	index	sensitive	to	global	warming:	The	standard‐
ized	precipitation	evapotranspiration	index.	Journal of Climate,	23(7),	
1696–1718.	https	://doi.org/10.1175/2009J	CLI29	09.1

Visser,	H.,	&	Molenaar,	J.	(1988).	Kalman	filter	analysis	in	dendroclimatol‐
ogy. Biometrics,	44(4),	929–940.	https	://doi.org/10.2307/2531724

Visser,	H.,	&	Molenaar,	J.	(1990).	Estimating	trends	in	tree-ring	data.	Forest 
Science,	36(1),	87–100.	https	://doi.org/10.1093/fores	tscie	nce/36.1.87

Wigley,	T.	M.,	Briffa,	K.	R.,	&	Jones,	P.	D.	(1984).	On	the	average	value	of	cor‐
related	time	series,	with	applications	in	dendroclimatology	and	hydrome‐
teorology. Journal of Climate and Applied Meteorology,	23(2),	201–213.	https	
://doi.org/10.1175/1520-0450(1984)023<0201:OTAVO	C>2.0.CO;2

Wu,	Z.,	&	Huang,	N.	E.	(2009).	Ensemble	empirical	mode	decomposition:	
A	 noise-assisted	 data	 analysis	 method.	 Advances in Adaptive Data 
Analysis,	1(1),	1–41.	https	://doi.org/10.1142/S1793	53690	9000047

Yatagai,	 A.,	 Arakawa,	 O.,	 Kamiguchi,	 K.,	 Kawamoto,	 H.,	 Nodzu,	 M.	 I.,	 &	
Hamada,	A.	(2009).	A	44-year	daily	gridded	precipitation	dataset	for	Asia	
based	on	a	dense	network	of	rain	gauges.	The Scientific Online Letters on 
the Atmosphere,	5,	137–140.	https	://doi.org/10.2151/sola.2009-035

Zhang,	X.,	Bai,	X.,	Chang,	Y.,	&	Chen,	Z.	(2016).	Increased	sensitivity	of	
Dahurian	larch	radial	growth	to	summer	temperature	with	the	rapid	
warming	 in	 Northeast	 China.	 Trees,	 30(5),	 1799–1806.	 https	://doi.
org/10.1007/s00468-016-1413-6

Zhang,	X.,	Bai,	X.,	Hou,	M.,	Chen,	Z.,	&	Manzanedo,	R.	D.	(2019).	Warmer	
winter	 ground	 temperatures	 trigger	 rapid	 growth	 of	 Dahurian	
larch	 in	 the	 permafrost	 forests	 of	 northeast	 China.	 Journal of 
Geophysical Research: Biogeosciences,	 124,	 1088–1097.	 https	://doi.
org/10.1029/2018J	G004882

SUPPORTING INFORMATION

Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	the	article.	

How to cite this article:	Zhang	X,	Manzanedo	RD,	
D'Orangeville	L,	et	al.	Snowmelt	and	early	to	mid-growing	
season	water	availability	augment	tree	growth	during	rapid	
warming	in	southern	Asian	boreal	forests.	Glob Change Biol. 
2019;00:1–10. https	://doi.org/10.1111/gcb.14749	

https://doi.org/10.1038/nclimate1293
https://doi.org/10.1038/nclimate1293
https://doi.org/10.1126/science.1173004
https://doi.org/10.1126/science.1173004
https://doi.org/10.1029/2006GB002888
https://doi.org/10.1007/s00468-015-1199-y
https://doi.org/10.1111/j.1461-0248.2008.01172.x
https://doi.org/10.1073/pnas.1602384113
https://doi.org/10.1175/1520-0477(2000)081%3C1281:TGSMDB%3E2.3.CO;2
https://doi.org/10.1175/1520-0477(2000)081%3C1281:TGSMDB%3E2.3.CO;2
https://doi.org/10.1093/treephys/tpr131
https://doi.org/10.1093/treephys/tpr131
https://doi.org/10.1111/j.1466-8238.2008.00417.x
https://doi.org/10.1111/nph.13759
https://doi.org/10.1016/j.foreco.2015.11.043
https://doi.org/10.1073/pnas.1219844110
https://doi.org/10.1038/480032a
https://doi.org/10.1016/j.envexpbot.2011.01.003
https://doi.org/10.3390/f8120490
https://doi.org/10.1002/2016JG003528
https://doi.org/10.1002/joc.1868
https://doi.org/10.1046/j.1440-1703.2002.00506.x
https://doi.org/10.1046/j.1440-1703.2002.00506.x
https://doi.org/10.1038/22087
https://doi.org/10.2134/jeq1990.00472425001900030021x
https://doi.org/10.1126/science.1165000
https://doi.org/10.1002/ecy.2024
https://doi.org/10.1002/ecy.2024
https://doi.org/10.1175/2009JCLI2909.1
https://doi.org/10.2307/2531724
https://doi.org/10.1093/forestscience/36.1.87
https://doi.org/10.1175/1520-0450(1984)023%3C0201:OTAVOC%3E2.0.CO;2
https://doi.org/10.1175/1520-0450(1984)023%3C0201:OTAVOC%3E2.0.CO;2
https://doi.org/10.1142/S1793536909000047
https://doi.org/10.2151/sola.2009-035
https://doi.org/10.1007/s00468-016-1413-6
https://doi.org/10.1007/s00468-016-1413-6
https://doi.org/10.1029/2018JG004882
https://doi.org/10.1029/2018JG004882
https://doi.org/10.1111/gcb.14749

