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Abstract
Forests provide irreplaceable ecosystem services for human society and prevent environmental degradation but climate 
change has substantially undermined these fundamental functions. It is therefore important to examine the responses and 
adaptation	 of	 different	 tree	 species	 to	 climate	 warming.	 Here,	 we	 investigated	 how	 climate	 warming	 has	 affected	 tree	
growth	patterns	 and	growth-climate	 responses	 of	 a	 conifer	 (Pinus tabuliformis)	 and	 two	broad-leaved	 species	 (Populus 
davidiana and Betula platyphylla)	in	a	temperate	semi-arid	region	in	the	northern	China.	Our	results	showed	that	P. tabu-
liformis	had	a	similar	regional	growth	pattern	and	two	broad-leaved	species	shared	an	interspecific	growth	similarity	at	the	
same	site.	Broad-leaved	trees	had	a	higher	recovery	and	resilience	to	drought	than	the	conifer	while	conifers	were	more	
resistant to drought compared to broad-leaved trees, indicating a faster drought-response of broad-leaved species than 
that	of	conifers.	The	warming	climate	has	hindered	the	tree	growth	by	exacerbating	water-deficit,	and	in	particular,	water	
availability	has	become	the	limiting	factor	for	the	growth	of	pines	in	the	area.	Trees	coped	with	the	water-deficit	by	tak-
ing	advantage	of	non-growing	season	water	to	compensate	the	water	source	for	tree	growth.	The	study	not	only	revealed	
the	differences	of	growth-climate	responses	between	species	but	also	highlighted	the	necessity	to	consider	species-specific	
adaptation	to	climate	warming	and	diversify	forest	management	strategies.

Highlights
 ● The	conifers	and	broad-leaved	trees	had	divergent	growth	patterns	and	growth-climate	response	in	temperate	semi-arid	

China.
 ● Trees	coped	with	the	warming-drying	climate	by	taking	advantage	of	non-growing	season	water.
 ● The	warming	climate	had	a	discriminatory	effect	on	conifers	and	broad-leaved	trees	in	temperate	semi-arid	regions.
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Introduction

Forests	 provide	 a	 wide	 array	 of	 ecosystem	 services	 for	
human	 society	while	many	of	which	 have	 been	 disrupted	
with	economic	development,	and	the	remains	are	currently	
threatened by population expansion and environment dete-
rioration	(MacKenzie	and	Mahony	2021; Van Mantgem et 
al. 2009).	Climatic	warming	compounded	by	human	activi-
ties	and	environment	changes	have	influenced	the	structure,	
function,	growth,	and	dynamics	of	forest	ecosystems	(Allen	
et al. 2010; Reichstein et al. 2013). Forests are vulnerable 
to	a	wide	range	of	climate	events	where	droughts	and	 the	
associated	disturbances	were	particularly	considered	 to	be	
one	of	the	greatest	threats	globally	(Reichstein	et	al.	2013). 
The	 increases	 in	 air	 temperature	 due	 to	 global	 warming	
have	made	droughts	more	frequent	and	intense	(IPCC	2021; 
Novick	et	al.	2016; Trenberth et al. 2014). The increasing 
drought	events	have	induced	massive	trees’	growth	decline	
and	mortality	(Allen	et	al.	2015; Carnicer et al. 2011; Choat 
et al. 2018;	Schwalm	et	al.	2017). Therefore, it is of great 
importance	 to	 examine	 the	 effects	 of	 droughts	 on	 tree	
growth	 and	 disentangle	 the	 drought-resisting	 strategies	 of	
co-occurring trees.

The	 warming-drying	 climate	 hindered	 tree	 growth	 by	
reducing	water	 availability	 (Au	 et	 al.	 2022; Moore et al. 
2016; Shen et al. 2020; Trahan and Schubert 2016). Severe 
drought events even caused mortality due to hydraulic fail-
ure	or	carbon	starvation	(Anderegg	et	al.	2012;	McDowell	et	
al. 2010;	Schwalm	et	al.	2017).	However,	trees	have	natural	
capacities	and	strategies	 to	adapt	and	cope	with	droughts,	
for	 example,	 trees	 can	 adjust	 their	water-use	 strategies	 to	
against	with	the	warming-drying	climate	(McDowell	et	al.	
2010; Ponce Campos et al. 2013). The adaptability of trees 
to climate change is a complex process and usually exhibits 
spatial	 heterogeneity	with	 species-specific	 traits	 (Gazol	 et	
al. 2018;	McDowell	et	al.	2010; Yuan et al. 2021). Conifers 
usually	 showed	 a	 stronger	 resistance	 while	 broad-leaved	
trees	showed	a	stronger	recovery	and	resilience	to	extreme	
drought	(Rahman	et	al.	2019; Yuan et al. 2021). The adjusted 
water-use	strategies	also	showed	species-specific	character-
istic	between	conifers	and	broad-leaved	trees	and	led	to	dif-
ferent	growth	patterns	(Martínez-Sancho	et	al.	2018; Yuan 
et al. 2021).	 Temporal	 instability	 of	 correlations	 between	
tree-ring	 width	 index	 and	 climate	 variables	 also	 existed,	
which	 reflected	 some	 strategies	 that	 trees	 adapt	 to	 cope	
with	climate	warming	(Moore	et	al.	2016; Shen et al. 2020). 
Studies focus on above inter-species contents and strategies 
of	trees	are	still	insufficient.	Crystallizing	these	inter-species	
differences	and	temporally	specific	variations	will	improve	
our	understanding	of	the	warming-drying	climate	effects	on	
forests,	especially	for	 forests	growing	 in	arid	or	semi-arid	
regions	that	are	frequently	influenced	by	climate	warming	

and	recent	increasing	drought	events	(Deng	et	al.	2016; Sun 
et al. 2018).

The semi-arid regions in the northern China are the major 
regions	 for	afforestation	 (National	Forestry	and	Grassland	
Administration 2019). Given that the regions have expe-
rienced	 significant	 warming-drying	 trends	 with	 frequent	
drought	events	(Huang	et	al.	2017; Kursar et al. 2009; Zhang 
et al. 2022)	which	 disturbed	 the	 existing	 forests	 dramati-
cally	(Liu	et	al.	2013; Zhang et al. 2021), it raised concern 
about nurturing the existing forests and selecting accurate 
tree species for reforestation. Broad-leaved trees are the 
dominant species in the region, yet our understanding of the 
growth-climate	relationships	of	these	trees	remains	incom-
plete, and there is ambiguity regarding the distinctions 
between	 the	 growth-climate	 relationships	 of	 broad-leaved	
trees and conifers. It is necessary and urgent to explore the 
divergent forest-climate response of conifers and broad-
leaved	trees	for	the	benefit	of	regional	forest	ecosystems	in	
the northern China.

In	this	study,	we	aim	to	understand	how	climate	warm-
ing	has	affected	tree	growth	in	the	northern	China	and	what	
strategies	trees	have	taken	to	cope	with	it.	We	selected	rep-
resentative forest stands and tree species including both 
conifer	 and	 broad-leaved	 trees	 in	 semi-arid	 region	 to:	 (1)	
reveal	 the	 divergence	 of	 species-specific	 growth	 patterns	
and responses to climate extremes in temperate semi-arid 
areas;	(2)	clarify	the	exclusive	and	common	adaptability	of	
different	trees	to	a	warming-drying	climate;	and	(3)	provide	
theoretical basis on the management for the existing forests 
and the references on tree species selection for reforestation.

Materials and methods

Study area and tree species

The	study	area	(42.1–43.6°N,	117.7-118.3°E)	had	two	sam-
pling	sites	at	the	northern	China	where	Reshui	in	the	south	of	
Great Xing’an Mountains and Laofu in the east of Yinshan 
Mountains. The landform is mountainous, and the altitudes 
of our sampling sites range from 1150 to 1426 m above sea 
level	(Fig.	1a).	The	region	is	semi-arid	with	a	typical	Asian	
monsoon climate. The mean monthly temperatures range 
from −	15.3℃	 in	 January	 to	 19.3℃	 in	 July	 (-17.7℃	 to	
18.5℃	in	Reshui	and	−	12.7℃	to	20.9℃	in	Laofu).	Precipi-
tation	 concentrates	 in	 summer	 (June-August)	 and	 Reshui	
receives less summer precipitation than that of Laofu. The 
monthly self-calibrating Palmer drought severity index 
(scPDSI)	 in	Reshui	 is	higher	 than	that	of	Laofu	(Fig.	1b). 
During	 1950–2019,	 annual	 mean	 temperature	 and	 annual	
precipitation	was	respectively	1.3℃	and	368	mm	in	Reshui,	
and	5.1℃	and	419	mm	in	Laofu.	The	regional	annual	mean	
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temperature	increased	significantly	at	a	rate	of	0.3℃/decade	
(R2 = 0.56, p <	0.01)	(Fig.	1c)	while	annual	precipitation	did	
not	show	a	long-term	change	(Fig.	1d). The annual scPDSI 
decreased	significantly	(R2 = 0.30, p <	0.01)	(Fig.	1e), indi-
cating	a	warming-induced	drought	in	the	region.

The tree species are scarce and decreased from south-
east	 to	 northwest	 for	 the	 harsh	 climatic	 conditions	 in	 our	
study area. The main evergreen conifers are Pinus tabulifor-
mis, Pinus sylvestris var. mongolica	with	a	deciduous	coni-
fer Larix gmelinii. Populus davidiana, Betula platyphylla, 
Ulmus davidiana and Quercus mongolica are the dominant 
deciduous	 broad-leaved	 tree	 species.	 The	 two	 sampling	

sites,	without	river	courses	nearby,	showed	homogeneously	
environmental characteristics.

Tree ring data

We	 sampled	 one	 evergreen	 conifer	 (P. tabuliformis) in 
monospecific	 plantation	 stands	 and	 two	 deciduous	 broad-
leaved	trees	(P. davidiana and B. platyphylla) in mixed sec-
ondary	forest	stands	at	two	sites	(Reshui	and	Laofu)	in	July	
2019.	The	three	tree	species	were	sampled	at	shady	aspect	
in	 each	 site	 with	 similar	 slopes.	 Both	 sampling	 sites	 had	
minimal	human	disturbance	and	we	only	sampled	mature,	

Fig. 1	 Locations	 of	 sampling	 sites	 (a), monthly mean temperatures 
(T),	precipitation	 (P)	 and	 scPDSI	of	 two	 sites	 (I:	Reshui,	 II:	Laofu)	
(b),	 and	 annual	 mean	 temperature	 (c),	 annual	 precipitation	 (d) and 
annual	scPDSI	(e) in the study area. The horizontal solid and dashed 
line in subplot c, d and e represents the corresponding the mean and 

the mean ± 1 standard deviation, respectively. The red dashed line and 
equation in subplot c, d and e represents the linear trend of annual 
mean temperature, annual precipitation, and annual scPDSI during 
1950–2019,	 respectively.	 The	 asterisks	 “**”	 represented	 the	 linear	
regression	model	with	99%	confidence	interval

 

1 3



European Journal of Forest Research

precipitation	from	1950	to	2019	were	obtained	from	the	Cli-
matic	Research	Unit	(CRU	TS	4.04)	(http://climexp.knmi.
nl)	with	a	resolution	of	0.5°×0.5°	covering	the	study	region	
between	 42.0°~44.0°	 N	 and	 117.5°~118.5°	 E.	 Monthly	
snow-cover	 data	 during	 1967–2020	 were	 obtained	 from	
above	website	with	a	resolution	of	1°×1°.	Also,	the	monthly	
self-calibrating	 Palmer	 Drought	 Severity	 Index	 (scPDSI)	
series	 from	CRU	TS	 4.04	with	 a	 resolution	 of	 0.5°×0.5°	
was	selected	as	aridity	index	in	in	this	study,	as	it	is	the	most	
appropriate	index	in	defining	droughts	for	China	(Yang	et	al.	
2017) and is the proxy index of soil moisture.

The monthly mean temperature and precipitation form 
CRU	 TS	 4.04	 were	 calibrated	 by	 data	 form	 the	 nearest	
meteorological	 station	 to	 the	 sample	 sites	 (Linxixian	 sta-
tion for Reshui and Chifeng station for Laofu). The monthly 
mean temperature and precipitation form CRU TS 4.04 
were	extremely	significant	correlated	to	that	from	meteoro-
logical	station	with	correlation	coefficient	from	0.70	to	0.97	
(p < 0.01, Fig. S1),	which	indicating	the	homogeneity.

Statistical analysis

Principal	 component	 analysis	 (PCA)	 was	 performed	 to	
investigate the main variance of the six standard chro-
nologies	at	the	two	sites.	Pearson	correlation	analysis	was	
employed	to	examine	the	correlations	between	different	vari-
ables,	including	different	tree-ring	width	chronologies,	and	
tree-ring	width	index	and	climatic	variables.	The	first-order	
difference	 of	 tree-ring	width	 index	 and	 climatic	 variables	
was	used	in	the	correlation	analysis	to	reduce	the	effect	of	
the	autocorrelation	of	the	tree-ring	widths	and	the	climatic	
variables.	The	measured	 tree-ring	widths	of	 the	 three	 tree	
species	 in	 the	drought	period	were	compared	 to	study	 the	
responses	 between	 conifers	 and	 broad-leaved	 trees.	Here,	
the	wide	ring	was	defined	as	the	tree-ring	width	in	that	year	
is	 greater	 than	 its	 mean,	 the	 narrow	 ring	 as	 the	 tree-ring	
width	in	that	year	is	maller	than	its	mean,	and	the	extremely	
wide/narrow	 rings	 as	 its	 tree-ring	 width	 in	 that	 year	 is	
greater/smaller than its mean + 1SD/ mean − 1SD, respec-
tively.	 Seasonal	 climate	 variables	were	 defined	 according	
to	the	climate	condition	in	the	study	area:	growing	season	

upright	trees	without	obvious	insect	pests	or	fire	scars.	One	
to	 two	cores	were	drilled	 into	 each	 tree	using	 a	5.15	mm	
inner	diameter	borer	at	breast	height	(1.3	m).	At	each	site,	a	
minimum	of	20	tree	individuals	for	each	species	were	sam-
pled.	The	sampling	cores	of	each	tree	species	were	labeled,	
placed	 in	 plastic	 straws	 and	 taken	 back	 to	 the	 laboratory	
for	further	analysis.	With	the	standard	dendrochronological	
procedure	(Cook	and	Kairiukstis,	1980;	Stokes	and	Smiley,	
1968),	sampling	cores	were	fixed	in	a	wooden	trough	using	
latex	and	make	sure	that	the	dark	side	of	the	core	is	upward.	
After	drying,	each	core	was	polished	by	a	series	of	coarse	to	
fine	sand	paper	until	the	annual	ring	boundaries	were	clearly	
visible.

The	tree	cores	were	cross-dated	under	a	microscope	and	
measured	 using	 a	 LINTAB	 5	 tree-ring	 width	 measuring	
system	(Rinntech	Heidelberg,	Germany)	at	0.01	mm	accu-
racy.	The	 reliability	of	 the	measurement	 series	was	 tested	
by	the	COFECHA	program	(Holmes	1983). A total of 272 
cores	from	143	trees	were	used	for	the	tree-ring	chronolo-
gies	development	(Table	1).	The	measurement	series	were	
standardized	with	the	ARSTAN	program	by	fitting	a	nega-
tive	exponential	curve	or	linear	regression	function	(in	order	
to retain more climatic signals) to minimize the age-related 
influence	 on	 radial	 tree	 growth.	 For	 some	 measurement	
series	could	not	be	fitted	by	negative	exponential	curve	or	
linear	regression	function,	a	spline	function	with	step	size	
greater	 than	 2/3	 of	 its	 series	 length	 was	 used	 for	 fitting.	
Eventually, six standard chronologies for three tree species 
were	employed	in	subsequent	analyses	with	a	common	time	
span	of	1988–2018	(EPS	> 0.85). Among the six chronolo-
gies,	the	shortest	and	the	longest	ones	are	31	years	(P. tabu-
liformis and P. davidiana	in	Laofu)	and	69	(P. tabuliformis 
in	Reshui)	 years	 in	 length,	 respectively	 (Table	1; Fig. 2). 
The	mean	 sensitivity	 (MS)	 and	 expressed	 population	 sig-
nal	(EPS)	of	each	chronology	indicate	that	our	chronologies	
share	a	common	signal,	which	are	suitable	for	dendroclima-
tology	analysis	(Table	1).

Meteorological data

The monthly mean temperature, monthly maximum tem-
perature, monthly minimum temperature, and monthly 

Table 1	 Basic	information	of	tree	species	in	the	two	sites	and	tree-ring	chronology	statistics
Site and tree species Tree type No. of cores/trees Time	span	(EPS	> 0.85) MC MS SD SNR
I	(PT) Evergreen conifer 48/24 1950–2018 0.87 0.52 0.46 58.3
II	(PT) Evergreen conifer 39/21 1988–2018 0.75 0.38 0.33 21.3
I	(PD) Deciduous broad-leaved 46/25 1965–2018 0.69 0.61 0.43 15.0
II	(PD) Deciduous broad-leaved 47/26 1988–2018 0.57 0.48 0.32 23.8
I	(BP) Deciduous broad-leaved 42/22 1956–2018 0.65 0.77 0.51 28.7
II	(BP) Deciduous broad-leaved 50/25 1953–2018 0.54 0.62 0.40 19.8
Note I: Reshui, II: Laofu, PT: Pinus tabuliformis, PD: Populus davidiana and BP: Betula platyphylla.	MC:	mean	correlation	coefficients	among	
all series, MS: mean sensitivity, SD: mean standard deviation, SNR: signal-to-noise ratio
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the corresponding time span as the interval mean tempera-
ture	(e.g.	the	interval	mean	temperature	of	1968–1998	is	the	
mean	temperature	of	Reshui	and	Laofu	during	1968–1998).

The	 growth-climate	 responses	 of	 trees	 to	 extreme	
drought	were	examined	with	resistance	(Rt),	recovery	(Rc) 
and	resilience	(Rs),	which	represent	the	capacity	of	trees	to	
endure disturbance-related changes during extreme events, 
the	trees’	ability	to	bounce	back	from	disturbance,	and	trees’	
elasticity	or	adaptation	to	disturbance,	respectively	(Lloret	
et al. 2011).	The	three	indices	were	calculated	as	follows:

Rt = Dr/PreDr 	 (1)

Rc = PostDr/Dr 	 (2)

Rs = PostDr/PreDr 	 (3)

(April–September,	 G)	 and	 non-growing	 season	 (Novem-
ber–March,	NG).

We	 used	moving	 correlations	 with	 a	 31-years	 window	
to	 examine	 the	 temporal	 stability	 of	 the	 first-order	 differ-
ence	correlations	between	tree-ring	width	index	of	trees	and	
climate	variables	(Biondi	and	Waikul	2004).	As	the	snow-
cover	data	was	available	from	1967	to	2020,	only	four	out	
of	the	six	chronologies	were	suitable	for	the	moving	corre-
lations analysis, including three chronologies in Reshui and 
one B. platyphylla	chronology	in	Laofu	(Table	1; Fig. 2). To 
examine	how	 increasing	 temperature	 impacts	 the	 climate-
growth	relationship,	we	used	the	logistic	function	with	the	
maximum iterations of 400 to examine the relationship 
between	 31-years	moving	 correlation	 coefficients	 and	 cli-
matic	warming	as	defined	by	interval	mean	temperature.	We	
choosed	the	mean	temperature	in	the	two	sample	sites	during	

Fig. 2 Tree-ring indices of three tree 
species	at	two	sites	and	their	sampling	
depths	(shading	area).	The	red	dashed	
lines represented the year of 2000 
and	2001	(the	first	and	second	year	of	
drought period). The species codes are 
PT: Pinus tabuliformis, PD: Populus 
davidiana and BP: Betula platyphylla
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BAI of P. tabuliformis	 significantly	 decreased	 (p < 0.05) 
in	 Reshui	 but	 significantly	 increased	 (p < 0.01) in Laofu, 
respectively,	 during	 the	 common	 time	 span	 (1988–2018),	
while	the	BAI	of	the	two	broad-leaved	trees	were	insignifi-
cantly varied except P. davidiana	in	Laofu	(Fig.	S2).

The	principal	component	analysis	(PCA)	of	the	six	chro-
nologies	also	showed	specific	attributions.	The	first	(PC1),	
second	(PC2)	and	third	(PC3)	principal	components	explain	
86.4%	of	the	total	variance	of	the	six	chronologies	during	
1988–2018,	with	the	variance	explanation	of	46.2%,	23.8%,	
16.4%	for	PC1,	PC2	and	PC3,	respectively.	The	chronolo-
gies	of	the	conifer	and	the	broad-leaved	trees	were	divided	
in	 two	 groups	 with	 PC2	 scores,	 reflecting	 a	 contrasting	
growth	 pattern	 between	 tree	 types.	As	 indicated	 by	 PC3,	
the	 two	groups	of	broad-leaved	 trees,	P. davidiana and B. 
platyphylla,	 reflected	a	 similar	growth	pattern	at	 interspe-
cific	level	at	the	same	site	(Fig.	3).

A	drought	period	appeared	during	2000–2011	with	lower	
scPDSI than the mean −	1	standard	deviation	(Fig.	1e) and 
the	 extreme	 drought	 years	 were	 included	 in	 this	 period.	
The	 year	 of	 2000	 and	 2001,	 first	 and	 second	 year	 of	 the	
drought	 period,	 respectively	 corresponded	 to	 wide	 rings	
or	extremely	wide	rings	of	P. tabuliformis	 from	two	sites,	
whereas	the	rings	were	narrow	or	extremely	narrow	in	the	
two	broad-leaved	trees	except	for	P. davidiana in Laofu in 
2001. P. tabuliformis	maintained	 narrow	 rings	 in	 the	 rest	
years	 (except	 the	 year	 of	 2008	 in	 Laofu)	 in	 the	 drought	
period	especially	in	Reshui	and	the	two	broad-leaved	trees’	
rings	fluctuated	notably	(Fig.	2). The P. tabuliformis had the 
strongest	resistance	(Rt) to stress compared to broad-leaved 
trees,	while	P. davidiana and B. platyphylla had a stronger 
recovery	 (Rc)	 and	 resilience	 (Rs)	 (higher	 than	 1)	 than	P. 
tabuliformis	(lower	than	1),	over	three	years	prior	and	post	
extreme	drought	year.	The	difference	of	Rc	between	P. tabu-
liformis and B. platyphylla	was	significant	(p < 0.05, Fig. 4). 
The results of Rt, Rc and Rs	were	similar	over	four	and	five	
years prior and post to the extreme drought year compared 
to	the	three	years	(Fig.	S3).

Relationships between radial growth and climatic 
variables

The	 correlations	 between	 tree-ring	 width	 index	 of	 three	
tree	species	and	mean	temperature	were	mainly	negative	in	
two	sites	while	the	correlations	with	precipitation,	scPDSI	
and	 snow-cover	 were	 mainly	 positive	 (Fig.	 5). The tem-
perature	had	a	negative	effect	on	the	radial	growth	of	both	
conifer	and	broad-leaved	trees	during	non-growing	season	
(November–March,	NG)	 and	 growing	 season	 (April–Sep-
tember, G), respectively. For example, P. tabuliformis tree 
growth	 showed	 a	 significantly	 negative	 correlation	 with	
temperatures	over	NG	(r = -0.52, p <	0.01)	in	Reshui	while	

where	 Dr	 is	 the	 tree-ring	 width	 index	 during	 extreme	
drought year, PreDr and PostDr	were	mean	tree-ring	width	
index over three years prior and post the extreme drought 
year,	 respectively	 (Dorado-Liñán	 et	 al.	2019; Gazol et al. 
2018).	Also,	the	mean	tree-ring	width	index	prior	and	post	
to	the	extreme	drought	year	over	four	and	five	years	were	
calculated for the PreDr and PostDr. The mean of Dr	was	
calculated	for	certain	consecutive	drought	years.	We	defined	
years	with	scPDSI	<	-3.0	as	extreme	drought	years	(Yang	et	
al. 2017).	These	are	2001,	2002	and	2005–2010	in	Reshui,	
and	2001,	2002,	2007	and	2009	in	Laofu.	We	also	examined	
the	growth-climate	responses	of	trees	to	mild	drought	dur-
ing	 the	years	with	scPDSI	<	the	mean	–	1	SD.	The	differ-
ences of Rt, Rc and Rs	among	tree	species	were	compared	
by	ANOVA	and	Tukey’s	test.

The	basal	area	increment	(BAI)	series	of	trees	was	calcu-
lated	using	the	raw	measurement	data	(Biondi	and	Qeadan	
2008)	and	the	formula	is	as	follows:

BAIn = π
(
Rn

2 − Rn−1
2)	 (4)

where	R is the radius at the breast height of trees and n is 
the	year	of	tree-ring	formation.	The	growth	status	of	trees	
during	 the	 common	 time	 span	 (1988–2018)	was	 assessed	
and	compared	by	their	linear	trend	coefficient,	respectively.

Results

Growth characteristics and the responses to 
extreme drought

The	 chronologies	 of	 conifer	 (P. tabuliformis)	 of	 the	 two	
sites	significant	positively	correlated	to	each	other	(r = 0.54, 
p <	0.01).	 The	 chronologies	 of	 two	 broad-leaved	 trees	 (P. 
davidiana and B. platyphylla)	 were	 significant	 positively	
correlated	with	each	other	at	the	same	site,	with	correlation	
coefficient	of	0.67	in	Reshui	and	0.62	in	Laofu	(p < 0.01). 
The	interspecific	correlation	within	the	same	site	was	higher	
than	that	of	 intraspecific	between	two	sites	(Table	2). The 

Table 2	 Correlations	between	 the	standard	chronologies	of	 the	 three	
tree	species	in	two	sites	during	the	common	period,	1988–2018

I(PT) II(PT) I(PD) II(PD) I(BP)
II(PT) 0.54**
I(PD) 0.22 0.13
II(PD) 0.22 0.19 0.41*
I(BP) 0.33 0.19 0.67** 0.31
II(BP) 0.02 -0.20 0.38* 0.62** 0.14
Note	The	bold	indicates	the	correlation	coefficient	reaches	a	signifi-
cant	level.	The	asterisks	“**”	and	“*”	respectively	indicates	99%	and	
95%	confidence	level.	The	species	codes	are
PT: Pinus tabuliformis, PD: Populus davidiana and BP: Betula platy-
phylla
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correlations	in	June	reached	significant	level	(r is -0.42 and 
− 0.44, respectively, p < 0.05, Fig. 5IIa).

The	 precipitation	 had	 a	 divergent	 influence	 on	 conifer	
and	broad-leaved	trees	at	different	sites	(Fig.	5Ib and IIb). 
Precipitation	had	a	stronger	influence	on	the	growth	of	coni-
fer compared to broad-leaved trees in Reshui. P. tabulifor-
mis	tree-ring	width	index	showed	positive	correlations	with	
precipitation from previous October to current February 

P. davidiana and B. platyphylla	 tree-ring	width	 index	had	
negative	 correlations	 with	 temperature	 in	 June-August	 in	
Reshui,	respectively.	In	particular,	 the	correlation	between	
P. davidiana	tree-ring	width	index	and	August	temperature	
is	significant	(r = -0.39, p < 0.05, Fig. 5Ia).	The	tree	growth	
of P. davidiana and B. platyphylla had negative correla-
tions	with	June	and	July	temperatures	in	Laofu	and	only	the	

Fig. 4	 Comparison	 of	 three	 tree	 species’	 growth	 resistance	 (Rt)	 (a), 
recovery	(Rc)	(b)	and	resilience	(Rs)	(c) to the extreme drought years 
over three years prior and post to each extreme drought year. The upper 
and	lower	limits	of	the	error	bars	represent	the	mean	± 1 standard devi-
ation for the Rt, Rc and Rs of each tree species. The horizontal solid 
and dashed line respectively represent the mean and median. Solid 

dots	 in	 each	 subplot	 represent	 the	 abnormal	 values.	The	differences	
of Rt, Rc and Rs	among	tree	species	were	compared	by	ANOVA	and	
Tukey’s	 test.	The	asterisk	 represents	 the	significant	difference	at	 the	
95%	confidence	level.	The	species	codes	are	PT:	Pinus tabuliformis, 
PD: Populus davidiana and BP: Betula platyphylla

 

Fig. 3	 The	PCA	loadings	on	the	first	three	principal	components	of	six	chronologies	during	the	common	period	of	1988–2018.	The	species	codes	
are PT: Pinus tabuliformis, PD: Populus davidiana and BP: Betula platyphylla
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Each	 significant	 moving	 correlations	 exhibited	 a	
S-shaped	 curve	with	 increasing	 temperature.	The	 correla-
tions of temperature in NG and precipitation in G and NG 
with	P. tabuliformis	tree-ring	width	index	showed	a	abruptly	
decreasing	pattern,	which	were	different	from	that	of	the	two	
broad-leaved	trees—a	gradually	decreasing	pattern	(except	
the	correlations	between	B. platyphylla	tree-ring	width	with	
precipitation	 in	 NG	 in	 Reshui)	 (Fig.	 7). The other insig-
nificant	 correlations	 between	 tree-ring	width	 index	 of	 the	
two	broad-leaved	trees	and	climate	variables	also	showed	a	
gradually decreasing pattern, such as the moving correlation 
coefficients	of	B. platyphylla	tree-ring	width	with	tempera-
ture in NG and precipitation in G in Reshui, and P. davidi-
ana	 tree-ring	width	with	 precipitation	 in	G	 and	NG	 (Fig.	
S4). The correlations of temperature in NG maintained neg-
atively	with	P. tabuliformis and P. davidiana	tree-ring	width	
index	in	Reshui	(Fig.	7a and b), and transformed from signif-
icant	positive	to	negative	with	B. platyphylla	tree-ring	width	
index	in	Laofu	(Fig.	7c).	The	moving	correlation	coefficients	
of P. tabuliformis	decreased	from	insignificant	negative	to	
extremely	significant	negative	(p < 0.01) and remained sta-
ble	 (Fig.	7a),	while	 the	moving	correlation	coefficients	of	
P. davidiana	 decreased	 from	 insignificant	negative	 to	 sig-
nificant	negative	 (p <	0.05)	 and	 remained	 stable	 (Fig.	7b). 
The	 extremely	 significant	 positive	 (p < 0.01) correlation 
coefficients	between	precipitation	in	G	also	decreased	with	
increasing temperature for P. tabuliformis in Reshui and B. 
platyphylla	 in	Laofu	 (Fig.	7d, e). The moving correlation 
coefficients	respectively	were	stable	above	significant	posi-
tive	 level	 (p < 0.05, Fig. 7d)	 and	 faded	out	 the	 significant	
level	(Fig.	7e).	The	moving	correlation	coefficients	of	pre-
cipitation	in	NG	with	P. tabuliformis and B. platyphylla in 
Reshui changed inversely, respectively faded out the sig-
nificant	 level	 (Fig.	7f)	 and	 transformed	 from	 insignificant	
to	significant	positive	level	(p < 0.05, Fig. 7g). The positive 
correlation	between	snow-cover	in	NG	and	P. tabuliformis 
tree-ring	width	index	in	Reshui	increased	from	insignificant	
to	extremely	significant	(p <	0.01)	and	remained	stable	with	
increasing	mean	temperature	(Fig.	7h).

The	negative	correlation	between	temperature	in	NG	and	
P. tabuliformis	 tree-ring	width	 index	 reached	a	 significant	
level	when	the	interval	mean	temperature	was	about	3.0	℃	
(Fig.	7a).	This	 temperature	was	 coincident	with	 the	 posi-
tive	correlation	between	 snow-cover	 in	NG	and	P. tabuli-
formis	where	it	reached	a	significant	level	(Fig.	7h)	as	well	
as	with	the	negative	correlation	between	temperature	in	NG	
and P. davidiana	in	Reshui	where	the	correlation	started	to	
decrease	(Fig.	7b).	The	positive	correlation	between	precip-
itation in G and B. platyphylla	in	Laofu	also	decreased	when	
the	interaval	mean	temperature	at	3.0	℃	(Fig.	7e).

where	a	 significant	positive	association	was	 found	 in	pre-
vious	November	 (r = 0.39, p <	0.05)	 and	 in	 July	 (r = 0.50, 
p <	0.01)	as	well	as	during	G	(r = 0.41, p < 0.05). P. davidi-
ana	 tree-ring	width	 index	 showed	 a	 significantly	 positive	
and	negative	 correlation	with	previous	 (r = 0.42, p < 0.05) 
and	 current	 (r = -0.40, p < 0.05) October precipitation, 
respectively	 (Fig.	 5Ib). Precipitation had higher correla-
tions	with	broad-leaved	trees	than	that	of	conifer	in	Laofu.	
Only October precipitation in the current year had a sig-
nificantly	 negative	 correlation	 with	 the	 tree	 growth	 of	P. 
tabuliformis	(r = -0.48, p < 0.01). The precipitation in April, 
June	and	July	had	significantly	positive	correlations	with	P. 
davidiana	 tree-ring	width	 index	 (r is 0.47, 0.60 and 0.37, 
respectively, p <	0.05).	Also,	June	precipitation	significantly	
positive correlated to B. platyphylla	 tree-ring	width	 index	
(r = 0.38, p < 0.05; Fig. 5IIb).

The	correlations	between	scPDSI	and	broad-leaved	tree	
species	were	higher	than	that	of	conifer.	The	scPDSI	showed	
significantly	 positive	 (r = 0.37, p <	0.05)	 correlation	 with	
P. tabuliformis	 tree-ring	width	 index	 during	G	 in	Reshui.	
The	positive	correlations	between	scPDSI	and	P. davidiana 
and B. platyphylla	tree-ring	width	index	were	similar—sig-
nificant	 (p < 0.05) in most single months and the merging 
months	such	as	G	and	NG	(Fig.	5Ic and IIc).

In	 addition,	 the	 influence	 of	 snow-cover	 on	 the	 radial	
growth	of	conifer	is	stronger	than	that	of	broad-leaved	tree	
species.	 The	 tree	 growth	 of	 P. tabuliformis	 showed	 sig-
nificantly	 positive	 correlation	 with	 snow-cover	 over	 NG	
(r = 0.61, p <	0.01)	 in	Reshui	 (Fig.	5Id). For broad-leaved 
trees, only B. platyphylla	tree-ring	width	index	significantly	
correlated	 to	 snow-cover	 variation	 in	 March	 (r = 0.42, 
p <	0.05)	and	November	(r = 0.40, p < 0.05) in Reshui and 
December	(r = 0.38, p <	0.05)	in	Laofu	(Fig.	5Id and IId).

Responses to warming-drying climate

The	correlations	between	tree-ring	width	index	of	three	tree	
species	and	climate	variables	varied	with	the	warming-dry-
ing	climate	(indicated	by	the	significantly	decreased	annual	
scPDSI, Fig. 1e)	 in	 the	 two	 sites	 during	 1950–2018.	The	
moving correlations for P. davidiana and B. platyphylla in 
Reshui	were	similar,	and	which	was	different	form	P. tab-
uliformis in Reshui and B. platyphylla	 in	 Laofu	 (Fig.	 6). 
Some	moving	 correlations	 between	 tree-ring	 width	 index	
and	 climate	 variables	 reached	 significant	 level	 and	 varied	
evidently. This included the moving correlations of P. tabu-
liformis	 tree-ring	width	with	precipitation	in	G,	as	well	as	
temperature,	precipitation	and	snow-cover	in	NG	in	Reshui,	
P. davidiana	 tree-ring	 width	 with	 temperature	 in	 NG	 in	
Reshui, B. platyphylla	tree-ring	width	with	precipitation	in	
NG in Reshui, and B. platyphylla	tree-ring	width	with	tem-
perature in NG and precipitation in G in Laofu.
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Fig. 3). The study area is the northern boundary of P. tabu-
liformis	 (National	 Forestry	 and	 Grassland	Administration	
2019) and the geographic distribution limits might be the 
overwhelming	 environment	 factor	 that	 lead	 to	 the	 growth	
similarity along or around their northernmost distribution. 
Our	findings	were	supported	by	previous	demonstration	that	
conifers	usually	exhibited	consistent	radial	growth	patterns	
at	regional	scale,	whereas	it	was	more	common	for	broad-
leaved	trees	at	the	stand	level	(Pacheco	et	al.	2020; Yuan et 
al. 2021).	The	two	broad-leaved	trees	were	sampled	in	the	
same	stand	at	each	site,	and	their	interspecific	growth	con-
sistency	might	be	due	to	their	uniform	wood	property	(dif-
fuse-porous	wood)	 and	 identical	 externally	 environmental	

Discussion

Specific radial growth and responses to extreme 
climate

Our	 two	 study	 sites,	 Reshui	 and	 Laofu	 experienced	 dif-
ferent	 hydrothermal	 conditions—a	 lower	 temperature	 and	
precipitation but higher scPDSI in Reshui compared to 
Laofu	(Fig.	1b),	which	resulted	in	specific	growth-climate	
response	of	three	species	within	these	two	sites	(Fig.	5). P. 
tabuliformis	 shared	similar	growth	pattern	between	differ-
ent	sites	while	the	growth	of	two	broad-leaved	tree	species	
showed	interspecific	consistency	at	the	same	site	(Table	2; 

Fig. 5	 Correlation	 coefficients	 of	 the	 first-order	 difference	 between	
tree-ring	width	 index	 of	 the	 trees	 in	Reshui	 (I)	 and	Laofu	 (II)	with	
mean	 temperature	 (a),	precipitation	 (b),	 scPDSI	 (c)	 and	 snow-cover	

(d).	Capital	letters	represent	months	of	the	previous	year,	G:	growing	
season,	NG:	non-growing	season
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between	 the	pines	 and	broad-leaved	 trees	 in	 the	 two	 sites	
(Fig.	5).	Broad-leaved	trees,	with	low	water	retention	capac-
ity	 (Carnicer	 et	 al.	2013; Firn et al. 2019), usually adopt 
risky	embolism-tolerance	strategies	in	response	to	drought	
stress	to	maintain	photosynthesis	(Choat	et	al.	2012a; Li et 
al. 2020),	 but	would	 also	 cause	 a	 rapid	decrease	 in	water	
potential and lead to the hydraulic dysfunction in severe or 
persistent	droughts	(Carnicer	et	al.	2013; Firn et al. 2019; 
Liu et al. 2017). Conifers usually have greater hydraulic 
safety	 thresholds	 (Choat	 et	 al.	 2012b) and adopt a more 
conservative	water-use	strategy,	such	as	stomatal	closure	to	
increase	water	retention	and	avoid	drought-induced	xylem	
cavitation,	and	protect	themselves	from	drought	stress	(Bro-
dribb et al. 2014; Li et al. 2020).	The	studied	pines	were	able	
to	 take	 advantage	 of	 thesnowmelt	water	 of	 previous	 non-
growing	 season	 or	 rainwater	 of	 the	 highest	 precipitation	
month	(July)	for	 their	growth	in	Reshui	(Fig.	5Ib and Id). 

conditions. The higher sensitivity of broad-leaved trees to 
drought	 than	 the	 pines	 could	 also	 cause	 the	 interspecific	
growth	consistency	in	the	same	site	and	intraspecific	growth	
divergence	at	different	 site,	 such	as	 the	 faster	 response	 to	
drought,	 indicated	by	 the	wide	 rings	 of	P. tabuliformis in 
2000	and	2001	(the	first	and	second	year	of	drought	period),	
as	 well	 as	 the	 consecutively	 narrow	 rings	 in	 other	 years	
compared	with	the	remarkably	fluctuated	rings	of	P. davidi-
ana and B. platyphylla	(Fig.	2).

The	different	response	to	drought	between	conifers	and	
broad-leaved trees, such as the opposite resistance and 
recovery:	low	resistance	and	high	recovery	of	broad-leaved	
trees	vs.	high	resistance	and	low	recovery	of	conifer	(Fig.	4 
and	S3),	might	be	 related	 to	 their	different	ecological	and	
physiological	attributes	resulting	in	the	divergent	water-use	
strategies	(Choat	et	al.	2012a; Li et al. 2020),	reflected	by	
the	 different	 correlations	 to	 precipitation	 and	 snow-cover	

Fig. 6	 Moving	correlations	in	31-years	interval	between	the	first-order	
difference	of	four	standard	chronologies	of	three	tree	species	and	cli-
mate	variables	in	Reshui	(I)	and	Laofu	(II).	TG: mean temperatures of 
growing	season,	TNG:	mean	temperature	of	non-growing	season.	PG: 
precipitation	 of	 growing	 season,	 PNG:	 precipitation	 of	 non-growing	

season. SCNG:	snow-cover	of	non-growing	season.	“λλ”	and	“λ”	indi-
cates	 significance	 at	 the	 0.01	 and	 0.05	 level,	 respectively.	The	 spe-
cies codes are PT: Pinus tabuliformis, PD: Populus davidiana and BP: 
Betula platyphylla
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short-term	drought	with	their	water	retention	capacity	and	
broad-leaved trees are sensitive to drought in the study area.

Shifting available water

Increasing	temperature	intensified	evaporation	and	resulted	
in	a	continued	water-deficit	environment	(Allen	et	al.	2010; 
Choat et al. 2018; Liu et al. 2013; Timofeeva et al. 2017), 
which	 threatened	 the	 growth	 and	 survival	 of	 trees	 in	 the	
northern	China	(Liu	et	al.	2013; Zhang et al. 2021), includ-
ing our study area as indicated by a substantial decrease 
in	 scPDSI	 (Fig.	1e).	Taking	 advantage	 of	 available	water	

The	different	responses	of	hydraulic	function	to	winter	frost	
between	conifer	and	broad-leaved	 trees	might	also	 induce	
their	different	response	to	drought.	Conifers	exhibited	less	
embolism	and	frost	fatigue	than	broad-leaved	trees	over	win-
ter	(Dai	et	al.	2020; Sass-Klaassen et al. 2011),	which	would	
prolong	 the	 intraannual	 influence	 of	 hydrothermal	 condi-
tion on the pines, and alleviate their response to drought. 
Moreover,	the	forest	type:	monospecific	plantation	for	pines	
and naturally mixed stands for broad-leaved trees, might 
induce	 the	different	 response	 to	drought	between	conifers	
and broad-leaved trees. In general, conifers can resist the 

Fig. 7	 The	 relationship	 between	31-years	 interval	mean	 temperature	
and	moving	correlation	coefficients	of	the	tree-ring	width	from	three	
tree	species	and	climate	variables	(TNG, PG, PNG and SCNG) from 1968 
to 2018. TNG:	mean	temperature	of	non-growing	season;	PG: precipi-
tation	of	growing	season;	PNG:	precipitation	of	non-growing	season;	
SCNG:	snow-cover	of	non-growing	season.	The	smooth	curve	in	each	

subplot	was	fitted	by	a	logistic	equation.	The	dashed	and	dotted	line	
respectively	 represented	 the	moving	 correlation	 coefficients	 reached	
significant	 (p <	0.05)	 and	 extremely	 significant	 (p < 0.01) level. The 
species codes are PT: Pinus tabuliformis, PD: Populus davidiana and 
BP: Betula platyphylla. I: Reshui, II: Laofu
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soil	and	continuously	sustain	the	growth	of	trees	and	the	insuf-
ficient	precipitation	in	growing	season	cannot	meet	the	needs	
of	 tree	growth	as	 the	 low	water	 retention	capacity	of	broad-
leaved	trees	(Carnicer	et	al.	2013; Firn et al. 2019).	While	in	
the	site	of	Laofu,	with	relatively	high	precipitation,	the	grow-
ing	season	(such	as	June	and	July)	precipitation,	favored	the	
two	broad-leaved	trees	growth	(Fig.	5IIb). As a result, the NG 
water	such	as	snowmelt	water,	which	could	last	until	May	in	
our	study	area	and	compensate	the	water-deficit	environment,	
has	been	more	important	for	tree	growth	under	global	warm-
ing,	especially	in	the	region	with	less	precipitation	(Reshui).

The	shifting	availabile	water	was	accompanied	by	the	pres-
sure	from	increasing	temperature	in	NG	for	tree	growth,	espe-
cially	for	the	pines	with	significant	water-dependence	in	NG	
(Figs.	6 and 7).	That	might	be	attributed	to	the	different	wood	
structures	between	conifers	and	broad-leaved	trees	where	the	
pines	 retain	 their	water	 transport	 ability	 in	winter	while	 this	
ability	was	 strictly	 limited	 for	 broad-leaved	 trees	 (Dai	 et	 al.	
2020).	On	the	other	hand,	warming-induced	loss	of	available	
water,	such	as	early	snowmelt	and	exacerbated	evapotranspira-
tion,	amplified	drought	stress	in	NG	leading	to	reduced	pine	
growth.	Therefore,	 the	 conifers	would	 suffer	more	 adversity	
from the increasing temperature in NG than that of broad-
leaved trees in the study area.

Potential growth under warming climate

The forests are projected to change in species composition or 
structure	in	this	region	under	future	warming	climate	(Zhang	
et al. 2022).	The	growth	of	pines,	especially	in	the	semi-arid	
region	of	northern	China,	would	likely	decline	under	the	com-
pounded	stresses	of	warming	and	water-deficit	(Cai	et	al.	2020; 
Zhao et al. 2021), indicating greater susceptibility to conifers 
than	 broad-leaved	 trees	 (Seidl	 et	 al.	 2017). The declines in 
growth	of	trees	were	considered	to	be	a	precursor	of	mortality	
especially	for	coniferous	(Cailleret	et	al.	2017, 2019), such as 
the	pines,	which	reflected	an	unfavourable	growth	status	of	the	
studied	conifers	(Fig.S2), as the pines are a long-lived tree spe-
cies,	which	can	show	steady	growth	and	insignificant	declines	
at	nearly	300-years	old	in	areas	with	sufficient	rainfall	(Chen	
et al. 2006, 2007). On the one hand, the compounded stress 
from	 temperature	 and	 water-deficit	 environment	 hindered	
the	growth	of	pines,	on	the	other	hand,	the	lower	recovery	to	
drought	of	pines	indicated	that	the	pines	were	hardly	to	recover	
to	the	pre-drought	growth	status	in	a	few	years.	In	spite	of	the	
forest	 stand	of	pines	 is	 located	at	 the	shady	slope	with	 rela-
tively	humid	condition,	 the	growth	of	pines	was	still	degen-
erating,	 reflecting	 a	 deteriorating	 warming-induced	 drought	
impact. Our results suggested that the tree species such as P. 
tabuliformis	 might	 be	 unsuitable	 for	 afforestation	 especially	
in	Reshui	with	low	precipitation.	The	broad-leaved	trees	with	
normal	growing	status	such	as	P. davidiana and B. platyphylla 

besides	the	growing	season	to	cope	with	the	ongoing	water-
deficit	environment	is	a	key	for	trees	to	sustain	their	growth	
and	 survival.	The	 temporal	 instable	 relationships	 between	
tree	growth	and	climate	variables	reflected	a	shift	of	trees’	
availabile	water	as	the	warming-drying	climate,	with	homo-
geneous	 trend	 but	 different	 attributes	 between	 the	 conifer	
and	broad-leaved	trees	(Figs.	6 and 7).

Precipitation	during	growing	season,	supplyling	trees	to	
complete	 intra-annual	radial	growth	process,	 is	crucial	for	
tree	growth	in	arid	and	semi-arid	regions	(Cai	et	al.	2020; 
Zhang et al. 2021).	However,	in	our	study,	the	influence	of	
precipitation	over	growing	season	was	weakening	for	both	
conifer	and	broad-leaved	trees,	and	the	difference	is	that	it	
stabled	at	the	significant	level	with	pines	and	faded	out	the	
significant	level	with	broad-leaved	trees	(Figs.	6 and 7). The 
influence	 of	 non-growing	 season	 temperature	 and	 snow-
cover	 on	 pines	 simultaneously	 became	 significant	 at	 the	
interval	mean	temperature	of	3.0	℃,	corresponding	to	 the	
time	span	of	1972–2002	and	including	about	22	years	after	
climate	warming	(according	to	the	IPCC	report	that	climate	
warming	origined	in	1980)	(IPCC	2013). That is, the pines 
broadened	 its	 intraannual	 available	water	within	 about	22	
years	 after	 climate	warming,	 such	 as	 taking	 advantage	 of	
the	snowmelt	water,	 to	compensate	lower	availabile	water	
over	growing	season	to	sustain	its	growth,	and	became	less	
dependent on precipitation in G. This result is supported by 
the	 isotopic	 analysis	 results	 that	 trees	mostly	 used	winter	
precipitation	for	radial	growth	in	semi-arid	regions	(Allen	et	
al. 2019;	Huang	et	al.	2022; Zhang et al. 2018).

The	moving	growth-climate	relationships	of	broad-leaved	
trees	 were	 homogeneous	 with	 that	 of	 pines,	 such	 as	 their	
decreasing	relationship	with	precipitation	in	G	and	increasing	
relationship	with	non-growing	season	water	(precipitation	and	
snow-cover)	(Fig.	6). Most of the relationships didn’t reach a 
significant	level	during	1968–2018	especially	in	Reshui.	But	
the	moving	correlations	between	B. platyphylla	radial	growth	
in	Laofu	with	more	precipitation	seemed	to	be	undergoing	the	
identical changes as the broad-leaved trees and climate vari-
ables	in	Reshui,	such	as	its	decreasing	relationship	with	pre-
cipitation	 in	G	from	significant	 to	 insignificant	 (Fig.	6). The 
identical	 changes	 indicated	 that	 these	 insignificant	 relation-
ships	in	Reshui	might	result	form	the	insufficient	analysis	time	
span.	For	example,	 the	 influence	of	precipitation	 in	G	on	B. 
platyphylla	radial	growth	in	Reshui	was	significant	previously	
(Fig.	S5),	then	weakened	before	the	pines	with	climate	warm-
ing,	which	was	consistent	with	 the	broad-leaved	trees’	faster	
response	to	droughts	than	the	pines	in	our	study	(Fig.	2). The 
snowmelt	 water	 in	 the	 late	NG,	 rather	 than	 the	whole	NG,	
could	supply	the	radial	growth	of	broad-leaved	trees,	which	is	
reflected	by	the	significant	influence	of	March	snowmelt	water	
on B. platyphylla	growth	in	Reshui	(Fig.	5Id). This might be 
due	to	that	the	snowmelt	water	in	early	spring	can	saturate	into	

1 3



European Journal of Forest Research

Declarations

Competing interest	 The	 authors	 declare	 that	 they	 have	 no	 known	
competing	financial	interests	or	personal	relationships	that	could	have	
appeared	to	influence	the	work	reported	in	this	paper.

References

Allen	CD,	Macalady	AK,	Chenchouni	H	et	al	(2010)	A	global	over-
view	of	drought	and	heat-induced	tree	mortality	reveals	emerg-
ing	climate	change	risks	for	forests.	Ecol	Manage	259:660–684.	
https://doi.org/10.1016/j.foreco.2009.09.001

Allen	CD,	Breshears	DD,	McDowell	NG	(2015)	On	underestimation	
of	global	vulnerability	 to	 tree	mortality	 and	 forest	die-off	 from	
hotter	 drought	 in	 the	Anthropocene.	 Ecosphere	 6:1–55.	https://
doi.org/10.1890/ES15-00203.1

Allen	ST,	Kirchner	JW,	Braun	S	et	al	(2019)	Seasonal	origins	of	soil	
water	used	by	trees.	Hydrol	Earth	Syst	Sci	23:1199–1210.	https://
doi.org/10.5194/hess-23-1199-2019

Anderegg	 WRL,	 Berry	 JA,	 Smith	 DD	 et	 al	 (2012)	 The	 roles	 of	
hydraulic	and	carbon	stress	in	a	widespread	climate-induced	for-
est	die-off.	Proc	Natl	Acad	Sci	U	S	A	109:233–237.	https://doi.
org/10.1073/pnas.1107891109

Au	TF,	Maxwell	 JT,	Robeson	SM	et	 al	 (2022)	Younger	 trees	 in	 the	
upper canopy are more sensitive but also more resilient to 
drought.	Nat	Clim	Chang	12:1168–1174.	https://doi.org/10.1038/
s41558-022-01528-w

Biondi	 F,	 Qeadan	 F	 (2008)	 A	 theory-driven	 approach	 to	 tree-ring	
standardization:	 defining	 the	 biological	 trend	 from	 expected	
basal	 area	 increment.	 Tree-Ring	 Res	 64:81–96.	 https://doi.
org/10.3959/2008-6.1

Biondi	 F,	Waikul	 K	 (2004)	 DENDROCLIM2002:	 a	 C	+ + program 
for statistical calibration of climate signals in tree-ring chro-
nologies.	Comput	Geosci	30:303–311.	https://doi.org/10.1016/j.
cageo.2003.11.004

Brodribb	TJ,	McAdam	SAM,	Jordan	GJ,	Martins	SCV	(2014)	Conifer	
species	 adapt	 to	 low-rainfall	 climates	 by	 following	 one	 of	 two	
divergent	pathways.	Proc	Natl	Acad	Sci	U	S	A	111:14489–14493.	
https://doi.org/10.1073/pnas.1407930111

Cai	L,	Li	J,	Bai	X	et	al	 (2020)	Variations	 in	 the	growth	response	of	
Pinus	tabulaeformis	to	a	warming	climate	at	the	northern	limits	of	
its	natural	range.	Trees-Structure	Funct	34:707–719.	https://doi.
org/10.1007/s00468-019-01950-2

Cailleret	M,	Jansen	S,	Robert	EMR	et	al	(2017)	A	synthesis	of	radial	
growth	 patterns	 preceding	 tree	 mortality.	 Glob	 Chang	 Biol	
23:1675–1690.	https://doi.org/10.1111/gcb.13535

Cailleret	M,	Dakos	V,	Jansen	S	et	al	(2019)	Early-warning	signals	of	
individual	 tree	mortality	 based	 on	 annual	 radial	 growth.	 Front	
Plant	Sci	9:1–14.	https://doi.org/10.3389/fpls.2018.01964

Carnicer	J,	Coll	M,	Ninyerola	M	et	al	(2011)	Widespread	crown	con-
dition	decline,	food	web	disruption,	and	amplified	tree	mortality	
with	increased	climate	change-type	drought.	Proc	Natl	Acad	Sci	
U	S	A	108:1474–1478.	https://doi.org/10.1073/pnas.1010070108

Carnicer	J,	Barbeta	A,	Sperlich	D	et	al	(2013)	Contrasting	trait	syn-
dromes	in	angiosperms	and	conifers	are	associated	with	different	
responses	of	 tree	growth	 to	 temperature	on	a	 large	scale.	Front	
Plant	Sci	4:1–19.	https://doi.org/10.3389/fpls.2013.00409

Chen	 ZJ,	 Sun	 Y,	 He	 XY	 et	 al	 (2006)	 Tree-ring	 width	 chronology	
of	 ancient	 Chinese	 pine	 in	 Shenyang	 City.	 Chin	 J	 Appl	 Ecol	
17:2241–2247

Chen	ZJ,	Sun	Y,	He	XY	et	al	(2007)	Chinese	pine	tree	ring	width	chro-
nology and its relations to climatic conditions in Qianshan Moun-
tains.	Chin	J	Appl	Ecol	18:2191–2201

(Fig.S1),	with	higher	recovery	strengthen	the	plasticity	of	them	
to	warming-induced	 drought	 environment	 (Dai	 et	 al.	2020), 
would	still	be	a	practicable	choice	for	afforestation	tree	species	
selection. The other broad-leaved tree of Quercus mongolica 
growing	in	our	study	area	(Gao	et	al.	2020)	reflected	a	similar	
climate response to P. davidiana and B. platyphylla. The better 
growing	status	of	broad-leaved	 trees	 than	pines	 in	our	study	
might	also	result	form	the	forest	type,	as	pines	were	sampled	in	
monospecific	forest	stands	and	broad-leaved	trees	in	mixed	for-
est stands, and tree species diversity could enhance the drought 
resistance	of	 trees	(Liu	et	al.	2022). In any case, appropriate 
tree	species	selection	is	crucial	for	afforestation	and	will	bring	
enormous	benefits	to	local	society	and	achieve	sustainability,	
and the selection of tree species should be not only based on 
the	 assessment	 of	 the	 existing	 trees’	 growth	 status	 but	 also	
their	potential	growth	in	the	future.	Although	we	estimated	the	
future	growth	status	for	different	trees	merely	from	interaction	
between	climate	variables	and	tree	growth,	a	myriad	of	other	
factors such as competition, insect diseases, species composi-
tion,	land	use	changes	are	likely	to	intensify	in	the	future	and	
alter	the	tree	growth,	which	should	also	be	carefully	considered	
when	selecting	tree	species	for	afforestation.

In	general,	we	revealed	 the	homogeneous	growth-climate	
responses of P. tabuliformis, P. davidiana and B. platyphylla 
to	warming-drying	environments—taking	advantage	of	non-
growing	 season	 water	 to	 compensate	 the	 water	 source	 for	
tree	 growth,	 and	 this	 process	 was	 accompanied	 by	 increas-
ing	 restrictions	 from	 non-growing	 season	 temperature.	 This	
growth-climate	responses	occurred	faster	in	broad-leaved	trees	
than	conifers,	and	earlier	in	areas	with	low	precipitation.	Our	
results	indicated	the	ability	of	trees	to	adapt	the	climate	warm-
ing,	and	provided	a	reference	for	accessing	climate	warming’s	
threat to the forest ecosystems in the semi-arid areas of north-
ern China.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s10342-
024-01668-y.

Acknowledgements	 We	thank	Ruixin	Yun	and	Zhaoyang	Lv	for	 the	
filed	work	and	tree-ring	data	measurement.

Author contributions	 Y.Z.:	 (A)	 Data	 Curation,	 Formal	 Analysis,	
Methodology,	Resources,	Validation,	wrote	the	main	manuscript	text;	
J.L.:	C.	Investigation	and	Resources;	Y.J.:	D.	Resources;	T.F.A.:	 (B)	
Writing–Review;	D.C.:	D.	Resources;	Z.C.:	A.	Supervision,	Funding	
Acquisition,	Writing–Review	&	Editing.

Funding	 This	 work	 was	 supported	 by	 the	 National	 Natural	 Sci-
ence	Foundation	of	China	 (grant	numbers	41888101,	41871027	and	
31570632).

1 3

https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1890/ES15-00203.1
https://doi.org/10.1890/ES15-00203.1
https://doi.org/10.5194/hess-23-1199-2019
https://doi.org/10.5194/hess-23-1199-2019
https://doi.org/10.1073/pnas.1107891109
https://doi.org/10.1073/pnas.1107891109
https://doi.org/10.1038/s41558-022-01528-w
https://doi.org/10.1038/s41558-022-01528-w
https://doi.org/10.3959/2008-6.1
https://doi.org/10.3959/2008-6.1
https://doi.org/10.1016/j.cageo.2003.11.004
https://doi.org/10.1016/j.cageo.2003.11.004
https://doi.org/10.1073/pnas.1407930111
https://doi.org/10.1007/s00468-019-01950-2
https://doi.org/10.1007/s00468-019-01950-2
https://doi.org/10.1111/gcb.13535
https://doi.org/10.3389/fpls.2018.01964
https://doi.org/10.1073/pnas.1010070108
https://doi.org/10.3389/fpls.2013.00409
https://doi.org/10.1007/s10342-024-01668-y
https://doi.org/10.1007/s10342-024-01668-y


European Journal of Forest Research

Liu	 Y,	 Parolari	AJ,	 Kumar	 M	 et	 al	 (2017)	 Increasing	 atmospheric	
humidity and CO2 concentration alleviate forest mortality 
risk.	 Proc	 Natl	 Acad	 Sci	 U	 S	 A	 114:9918–9923.	 https://doi.
org/10.1073/pnas.1704811114

Liu	D,	Wang	T,	Peñuelas	J,	Piao	S	(2022)	Drought	resistance	enhanced	
by	 tree	 species	 diversity	 in	 global	 forests.	Nat	Geosci	 15:800–
804. https://doi.org/10.1038/s41561-022-01026-w

Lloret	 F,	 Keeling	 EG,	 Sala	 A	 (2011)	 Components	 of	 tree	 resil-
ience:	 effects	 of	 successive	 low-growth	 episodes	 in	 old	
ponderosa	 pine	 forests.	 Oikos	 120:1909–1920.	 https://doi.
org/10.1111/j.1600-0706.2011.19372.x

MacKenzie	 WH,	 Mahony	 CR	 (2021)	 An	 ecological	 approach	 to	
climate change-informed tree species selection for refores-
tation. Ecol Manage 481:118705. https://doi.org/10.1016/j.
foreco.2020.118705

Martínez-Sancho	E,	Dorado-Liñán	I,	Gutiérrez	Merino	E	et	al	(2018)	
Increased	water-use	efficiency	translates	into	contrasting	growth	
patterns	of	scots	pine	and	sessile	oak	at	their	southern	distribution	
limits.	Glob	Chang	Biol	24:1012–1028.	https://doi.org/10.1111/
gcb.13937

McDowell	N,	Pockman	WT,	Allen	CD	et	 al	 (2010)	Mechanisms	of	
plant	survival	and	mortality	during	drought:	why	do	some	plants	
survive	while	others	succumb	to	drought?	New	Phytol	178:719–
739. https://doi.org/10.1111/j.1469-8137.2008.02436.x

Moore	GW,	Edgar	CB,	Vogel	JG	et	al	(2016)	Tree	mortality	from	an	
exceptional drought spanning mesic to semiarid ecoregions. Ecol 
Appl	26:602–611.	https://doi.org/10.1890/15-0330

National	Forestry	and	Grassland	Administration	(2019)	China	Forest	
resources	Report	(2014–2018).	China	Forestry,	Beijing

Novick	KA,	Ficklin	DL,	Stoy	PC	et	al	(2016)	The	increasing	impor-
tance	 of	 atmospheric	 demand	 for	 ecosystem	water	 and	 carbon	
fluxes.	 Nat	 Clim	 Chang	 6:1023–1027.	 https://doi.org/10.1038/
nclimate3114

Pacheco	 A,	 Camarero	 JJ,	 Pompa-García	 M	 et	 al	 (2020)	 Growth,	
wood	 anatomy	 and	 stable	 isotopes	 show	 species-specific	 cou-
plings in three Mexican conifers inhabiting drought-prone 
areas. Sci Total Environ 698:134055. https://doi.org/10.1016/j.
scitotenv.2019.134055

Ponce	Campos	GE,	Moran	MS,	Huete	A	et	al	(2013)	Ecosystem	resil-
ience despite large-scale altered hydroclimatic conditions. Nature 
494:349–352.	https://doi.org/10.1038/nature11836

Rahman	 M,	 Islam	 M,	 Bräuning	 A	 (2019)	 Species-specific	 growth	
resilience to drought in a mixed semi-deciduous tropical moist 
forest	 in	 South	 Asia.	 Ecol	 Manage	 433:487–496.	 https://doi.
org/10.1016/j.foreco.2018.11.034

Reichstein	M,	 Bahn	M,	 Ciais	 P	 et	 al	 (2013)	 Climate	 extremes	 and	
the	 carbon	 cycle.	 Nature	 500:287–295.	 https://doi.org/10.1038/
nature12350

Sass-Klaassen	U,	Sabajo	CR,	 den	Ouden	 J	 (2011)	Vessel	 formation	
in	 relation	 to	 leaf	 phenology	 in	pedunculate	oak	 and	European	
ash.	 Dendrochronologia	 29:171–175.	 https://doi.org/10.1016/j.
dendro.2011.01.002

Schwalm	 CR,	 Anderegg	 WRL,	 Michalak	AM	 et	 al	 (2017)	 Global	
patterns	 of	 drought	 recovery.	 Nature	 548:202–205.	 https://doi.
org/10.1038/nature23021

Seidl	R,	Thom	D,	Kautz	M	et	al	(2017)	Forest	disturbances	under	cli-
mate	change.	Nat	Clim	Chang	7:395–402.	https://doi.org/10.1038/
nclimate3303

Shen	J,	Li	Z,	Gao	C	et	al	(2020)	Radial	growth	response	of	Pinus	yun-
nanensis to rising temperature and drought stress on the Yunnan 
Plateau,	southwestern	China.	Ecol	Manage	474:118357.	https://
doi.org/10.1016/j.foreco.2020.118357

Stokes	MA,	Smiley	TL	(1968)	An	 introduction	 to	Tree	Ring	dating.	
University of Chicago Press, p 73

Sun	 SJ,	 He	 C,	 Qiu	 L	 et	 al	 (2018)	 Stable	 isotope	 analysis	 reveals	
prolonged drought stress in poplar plantation mortality of the 

Choat	 B,	 Jansen	 S,	 Brodribb	 TJ	 et	 al	 (2012a)	 Global	 convergence	
in	 the	 vulnerability	 of	 forests	 to	 drought.	Nature	 491:752–755.	
https://doi.org/10.1038/nature11688

Choat	 B,	 Jansen	 S,	 Brodribb	 TJ	 et	 al	 (2012b)	 Global	 convergence	
in	 the	 vulnerability	 of	 forests	 to	 drought.	Nature	 491:752–755.	
https://doi.org/10.1038/nature11688

Choat	 B,	 Brodribb	 TJ,	 Brodersen	 CR	 et	 al	 (2018)	 Triggers	 of	 tree	
mortality	 under	 drought.	 Nature	 558:531–539.	 https://doi.
org/10.1038/s41586-018-0240-x

Cook	ER,	Kairiukstis	LA	(1990)	 In:	methods	of	Dendrochronology:	
applications	in	the	Environmental	sciences.	Kluwer	Academic,	p	
394

Dai	Y,	Wang	L,	Wan	X	(2020)	Frost	 fatigue	and	 its	spring	recovery	
of	xylem	conduits	in	ring-porous,	diffuse-porous,	and	coniferous	
species	in	situ.	Plant	Physiol	Biochem	146:177–186.	https://doi.
org/10.1016/j.plaphy.2019.11.014

Deng	L,	Yan	W,	Zhang	Y,	Shangguan	Z	(2016)	Severe	depletion	of	soil	
moisture	 following	 land-use	changes	 for	 ecological	 restoration:	
evidence	 from	northern	China.	Ecol	Manage	366:1–10.	https://
doi.org/10.1016/j.foreco.2016.01.026

Dorado-Liñán	 I,	 Piovesan	G,	Martínez-Sancho	E	 et	 al	 (2019)	Geo-
graphical	 adaptation	 prevails	 over	 species-specific	 determin-
ism in trees’ vulnerability to climate change at Mediterranean 
rear-edge	 forests.	 Glob	 Chang	 Biol	 25:1296–1314.	 https://doi.
org/10.1111/gcb.14544

Firn	J,	McGree	JM,	Harvey	E	et	al	(2019)	Leaf	nutrients,	not	specific	
leaf area, are consistent indicators of elevated nutrient inputs. Nat 
Ecol	Evol	3:400–406.	https://doi.org/10.1038/s41559-018-0790-1

Gao	WQ,	Lei	XD,	Fu	LY	et	al	(2020)	Radial	growth	response	of	two	
oaks	 to	climate	at	 their	disparate	distribution	 limits	 in	semiarid	
areas, Beijing, China. https://doi.org/10.1002/ecs2.3062. Eco-
sphere 11:

Gazol	A,	Camarero	JJ,	Vicente-Serrano	SM	et	al	(2018)	Forest	resil-
ience	to	drought	varies	across	biomes.	Glob	Chang	Biol	24:2143–
2158. https://doi.org/10.1111/gcb.14082

Holmes	 RL	 (1983)	 Computer-assisted	 quality	 control	 in	 tree-ring	
dating	 and	measurement.	Tree-Ring	Bull	 43:69–78.	https://doi.
org/10.1016/j.ecoleng.2008.01.004

Huang	 Q,	 Zhang	 Q,	 Singh	 VP	 et	 al	 (2017)	 Variations	 of	 dryness/
wetness	 across	 China:	 changing	 properties,	 drought	 risks,	 and	
causes.	Glob	Planet	Change	155:1–12.	https://doi.org/10.1016/j.
gloplacha.2017.05.010

Huang	R,	 Zhu	H,	 Liang	E	 et	 al	 (2022)	Contribution	 of	winter	 pre-
cipitation	to	tree	growth	persists	until	the	late	growing	season	in	
the	Karakoram	 of	 northern	 Pakistan.	 J	Hydrol	 607.	https://doi.
org/10.1016/j.jhydrol.2022.127513

IPCC	(2013)	Climate	Change	2013:	the	physical	science	basis.	Contri-
bution	of	Working	Group	I	to	the	Fifth	Assessment	Report	of	the	
Intergovernmental Panel on Climate Change. Cambridge Univer-
sity Press, Cambridge, United Kingdom

IPCC	 (2021)	Summary	 for	policymakers.	Climate	change	2021:	 the	
physical	 science	 basis.	 Contribution	 of	working	 group	 I	 to	 the	
sixth assessment report of the Intergovernmental Panel on Cli-
mate Change. Cambridge University Press

Kursar	TA,	Engelbrecht	BMJ,	Burke	A	et	al	(2009)	Tolerance	to	low	
leaf	water	 status	of	 tropical	 tree	 seedlings	 is	 related	 to	drought	
performance	and	distribution.	Funct	Ecol	23:93–102.	https://doi.
org/10.1111/j.1365-2435.2008.01483.x

Li	X,	Piao	S,	Wang	K	et	al	(2020)	Temporal	trade-off	between	gym-
nosperm resistance and resilience increases forest sensitivity 
to	 extreme	 drought.	 Nat	 Ecol	 Evol	 4:1075–1083.	 https://doi.
org/10.1038/s41559-020-1217-3

Liu	H,	Park	Williams	A,	Allen	CD	et	al	(2013)	Rapid	warming	acceler-
ates	tree	growth	decline	in	semi-arid	forests	of	inner	Asia.	Glob	
Chang	Biol	19:2500–2510.	https://doi.org/10.1111/gcb.12217

1 3

https://doi.org/10.1073/pnas.1704811114
https://doi.org/10.1073/pnas.1704811114
https://doi.org/10.1038/s41561-022-01026-w
https://doi.org/10.1111/j.1600-0706.2011.19372.x
https://doi.org/10.1111/j.1600-0706.2011.19372.x
https://doi.org/10.1016/j.foreco.2020.118705
https://doi.org/10.1016/j.foreco.2020.118705
https://doi.org/10.1111/gcb.13937
https://doi.org/10.1111/gcb.13937
https://doi.org/10.1111/j.1469-8137.2008.02436.x
https://doi.org/10.1890/15-0330
https://doi.org/10.1038/nclimate3114
https://doi.org/10.1038/nclimate3114
https://doi.org/10.1016/j.scitotenv.2019.134055
https://doi.org/10.1016/j.scitotenv.2019.134055
https://doi.org/10.1038/nature11836
https://doi.org/10.1016/j.foreco.2018.11.034
https://doi.org/10.1016/j.foreco.2018.11.034
https://doi.org/10.1038/nature12350
https://doi.org/10.1038/nature12350
https://doi.org/10.1016/j.dendro.2011.01.002
https://doi.org/10.1016/j.dendro.2011.01.002
https://doi.org/10.1038/nature23021
https://doi.org/10.1038/nature23021
https://doi.org/10.1038/nclimate3303
https://doi.org/10.1038/nclimate3303
https://doi.org/10.1016/j.foreco.2020.118357
https://doi.org/10.1016/j.foreco.2020.118357
https://doi.org/10.1038/nature11688
https://doi.org/10.1038/nature11688
https://doi.org/10.1038/s41586-018-0240-x
https://doi.org/10.1038/s41586-018-0240-x
https://doi.org/10.1016/j.plaphy.2019.11.014
https://doi.org/10.1016/j.plaphy.2019.11.014
https://doi.org/10.1016/j.foreco.2016.01.026
https://doi.org/10.1016/j.foreco.2016.01.026
https://doi.org/10.1111/gcb.14544
https://doi.org/10.1111/gcb.14544
https://doi.org/10.1038/s41559-018-0790-1
https://doi.org/10.1002/ecs2.3062
https://doi.org/10.1111/gcb.14082
https://doi.org/10.1016/j.ecoleng.2008.01.004
https://doi.org/10.1016/j.ecoleng.2008.01.004
https://doi.org/10.1016/j.gloplacha.2017.05.010
https://doi.org/10.1016/j.gloplacha.2017.05.010
https://doi.org/10.1016/j.jhydrol.2022.127513
https://doi.org/10.1016/j.jhydrol.2022.127513
https://doi.org/10.1111/j.1365-2435.2008.01483.x
https://doi.org/10.1111/j.1365-2435.2008.01483.x
https://doi.org/10.1038/s41559-020-1217-3
https://doi.org/10.1038/s41559-020-1217-3
https://doi.org/10.1111/gcb.12217


European Journal of Forest Research

Zhang	YP,	Jiang	Y,	Wang	B	et	al	(2018)	Seasonal	water	use	by	Larix	
principis-rupprechtii	in	an	alpine	habitat.	Ecol	Manage	409:47–
55. https://doi.org/10.1016/j.foreco.2017.11.009

Zhang	X,	Li	X,	Manzanedo	RD	et	al	(2021)	High	risk	of	growth	ces-
sation of planted larch under extreme drought. Environ Res Lett 
16:014040. https://doi.org/10.1088/1748-9326/abd214

Zhang	L,	Sun	P,	Huettmann	F,	Liu	S	(2022)	Where	should	China	prac-
tice	 forestry	 in	 a	 warming	 world?	 Glob	 Chang	 Biol	 28:2461–
2475. https://doi.org/10.1111/gcb.16065

Zhao	Y,	Cai	LX,	Jin	YT	et	al	(2021)	Warming-drying	climate	intensi-
fies	the	restriction	of	moisture	on	radial	growth	of	Pinus	tabulifor-
mis	plantation	in	semi-arid	area	of	Northeast	China.	Chin	J	Appl	
Ecol	32:3459–3467

Publisher’s Note	 Springer	Nature	remains	neutral	with	regard	to	juris-
dictional	claims	in	published	maps	and	institutional	affiliations.

Springer	Nature	or	its	licensor	(e.g.	a	society	or	other	partner)	holds	
exclusive	rights	to	this	article	under	a	publishing	agreement	with	the	
author(s)	or	other	rightsholder(s);	author	self-archiving	of	the	accepted	
manuscript version of this article is solely governed by the terms of 
such	publishing	agreement	and	applicable	law.	

three-North Shelter Forest in Northern China. Agric Meteorol 
252:39–48.	https://doi.org/10.1016/j.agrformet.2017.12.264

Timofeeva	G,	Treydte	K,	Bugmann	H	et	al	(2017)	Long-term	effects	
of	drought	on	tree-ring	growth	and	carbon	isotope	variability	in	
scots	 pine	 in	 a	 dry	 environment.	 Tree	 Physiol	 37:1028–1041.	
https://doi.org/10.1093/treephys/tpx041

Trahan	MW,	Schubert	BA	 (2016)	Temperature-induced	water	 stress	
in high-latitude forests in response to natural and anthropogenic 
warming.	Glob	Chang	Biol	22:782–791.	https://doi.org/10.1111/
gcb.13121

Trenberth	KE,	Dai	A,	Van	Der	Schrier	G	et	al	(2014)	Global	warm-
ing	and	changes	in	drought.	Nat	Clim	Chang	4:17–22.	https://doi.
org/10.1038/nclimate2067

Van	Mantgem	PJ,	Stephenson	NL,	Byrne	JC	et	al	(2009)	Widespread	
increase	of	tree	mortality	rates	in	the	Western	United	States.	Sci	
(80-)	323:521–524.	https://doi.org/10.1126/science.1165000

Yang	Q,	Li	MX,	Zheng	ZY,	Ma	ZG	(2017)	Regional	applicability	of	
seven meteorological drought indices in China. Sci China Earth 
Sci	60:745–760.	https://doi.org/10.1007/s11430-016-5133-5

Yuan	D,	Zhu	L,	Cherubini	P	et	al	 (2021)	Species-specific	indication	
of	13	tree	species	growth	on	climate	warming	in	temperate	forest	
community of northeast China. Ecol Indic 133:108389. https://
doi.org/10.1016/j.ecolind.2021.108389

1 3

https://doi.org/10.1016/j.foreco.2017.11.009
https://doi.org/10.1088/1748-9326/abd214
https://doi.org/10.1111/gcb.16065
https://doi.org/10.1016/j.agrformet.2017.12.264
https://doi.org/10.1093/treephys/tpx041
https://doi.org/10.1111/gcb.13121
https://doi.org/10.1111/gcb.13121
https://doi.org/10.1038/nclimate2067
https://doi.org/10.1038/nclimate2067
https://doi.org/10.1126/science.1165000
https://doi.org/10.1007/s11430-016-5133-5
https://doi.org/10.1016/j.ecolind.2021.108389
https://doi.org/10.1016/j.ecolind.2021.108389

	Divergent growth and responses of conifer and broad-leaved trees to warming-drying climate in a semi-arid region, northern China
	Abstract
	Highlights
	Introduction
	Materials and methods
	Study area and tree species
	Tree ring data
	Meteorological data
	Statistical analysis

	Results
	Growth characteristics and the responses to extreme drought
	Relationships between radial growth and climatic variables
	Responses to warming-drying climate

	Discussion
	Specific radial growth and responses to extreme climate
	Shifting available water
	Potential growth under warming climate

	References


