
A g ri c ult ur al a n d F or e st M et e o r ol o g y 3 0 8- 3 0 9 ( 2 0 2 1) 1 0 8 6 1 1

A v ail a bl e o nli n e 1 7 A u g u st 2 0 2 1

0 1 6 8- 1 9 2 3 / © 2 0 2 1 El s e vi e r B. V. All ri g ht s r e s e r v e d.

Dr y n e s s d e cr e a s e s a v er a g e gr o wt h r at e a n d i n cr e a s e s dr o u g ht s e n siti vit y of 

M o n g oli a o a k tr e e s i n N ort h C hi n a 

Xi a nli a n g Z h a n g a ,b ,* , P e n g c h e n g L v a , C h e n X u c , X u a n r ui H u a n g a ,b , Ti m R a d e m a c h er d ,e 

a C oll e g e of F or estr y, H e b ei A gri c ult ur al U ni v ersit y, B a o di n g 0 7 1 0 0 1, C hi n a 
b N ati o n al l o n g-t er m f or est c ulti v ati o n r es e ar c h st ati o n i n S ai h a n b a, C h e n g d e 0 6 8 4 5 6, C hi n a 
c C oll e g e of L a n ds c a p e Ar c hit e ct ur e a n d T o uris m, H e b ei A gri c ult ur al U ni v ersit y, B a o di n g 0 7 1 0 0 1, C hi n a 
d H ar v ar d F or est, H ar v ar d U ni v ersit y, M ass a c h us etts, 0 1 3 6 6, U S A 
e S c h o ol of I nf or m ati cs a n d C y b er S e c urit y a n d C e nt er f or E c os yst e m S ci e n c e a n d S o ci et y, N ort h er n Ari z o n a U ni v ersit y, 8 6 0 1 1 Ari z o n a, U S A   

A R T I C L E  I N F O   

K e y w or ds: 

Q u er c u s m o n g oli c a 

M o n g oli a o a k 

m oi st ur e i n d e x 

dr y n e s s 

r a di al gr o wt h 

tr e e ri n g s 

A B S T R A C T   

M o n g oli a n o a k i s a wi d el y di stri b ut e d tr e e s p e ci e s i n br o a dl e af f or e st s of N ort h C hi n a, w hi c h ar e s u s c e pti bl e t o 

i n cr e a si n g  dr o u g ht.  E x p a n si o n  of  o a k  s p e ci e s  r a n g e s  h a s  b e e n  r e p ort e d  i n  E ur o p e,  A m eri c a,  a n d  A si a  wit h 

dr o u g ht a n d h e at str e s s, a n d t h u s, o a k s p e ci e s ar e oft e n d e e m e d t o b e dr o u g ht-r e si st a nt. A s a n e x p a n di n g s p e ci e s 

i n o ur st u d y r e gi o n, t h e M o n g oli a n o a k (Q u er c us m o n g oli c a Fi s c h. e x L e d e b) w a s u s e d t o i n v e sti g at e h o w tr e e 

gr o wt h  r at e  a n d  dr o u g ht  r e si st a n c e  c h a n g e  al o n g  a  m oi st ur e  gr a di e nt.  I n  t hi s  st u d y,  w e  u s e d  a  n et w or k  of 

M o n g oli a n o a k tr e e-ri n g s a m pl e s a cr o s s a wi d e r a n g e of m oi st ur e gr a di e nt s i n N ort h C hi n a t o a s s e s s o a k tr e e 

gr o wt h a n d it s r e s p o n s e t o dr o u g ht u n d er diff er e nt m oi st ur e c o n diti o n s. O ur r e s ult s r e v e al e d t h at s p ati al v ari -

ati o n i n tr e e r a di al gr o wt h r at e w a s hi g hl y r el at e d t o t h e r e gi o n s ’ m oi st ur e i n d e x, a n i n d e x i n di c ati n g m oi st ur e 

c o n diti o n.  O a k  tr e e s  i n  dri er  p orti o n s  gr e w  sl o w er  t h a n  t h o s e  i n  w ett er  p orti o n s  a n d  t h eir  gr o wt h  w a s  m or e 

s e n siti v e  t o  dr o u g ht  e v e nt s.  W e  u s e d  a n  e n s e m bl e  of  cli m at e  pr oj e cti o n s  fr o m  g e n er al  cir c ul ati o n  m o d el s  t o 
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c orr el ati o n f or t h e p eri o d 2 0 2 1 – 2 1 0 0. I n cr e a s e d dr y n e s s i s li k el y t o r e d u c e tr e e a v er a g e gr o wt h r at e m ar k e dl y 
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c h all e n g e f or t h e c o nti n ui n g e x p a n si o n of M o n g oli a o a k i n alr e a d y dr y ar e a s of N ort h C hi n a, w h er e a s o a k tr e e s 

will t hri v e b ett er i n hi g h m oi st ur e c o n diti o n s. T h e di stri b uti o n of M o n g oli a o a k tr e e s will li k el y s hift t o r e gi o n s 

wit h i n cr e a s e d m oi st ur e a v ail a bilit y, e s p e ci all y u n d er t h e i n cr e a si n g dr o u g ht.   

1. I nt r o d u cti o n 

F or e st  d y n a mi c s  h a v e  s h o w n  p er v a si v e  s hift s  i n  a  c h a n gi n g  w orl d 

(M c D o w ell et al., 2 0 2 0 ). I n cr e a si n g dr o u g ht c a n c a u s e hi g h tr e e m or -

t alit y u n d er w ar m c o n diti o n s (A d a m s et al., 2 0 0 9 ; All e n et al., 2 0 1 5 ). 

D o u bli n g of tr e e m ort alit y r at e s h a s b e e n o b s er v e d t hr o u g h o ut m o st of 

t h e  A m eri c a s  a n d  E ur o p e  i n  t h e  p a st  4 0  y e ar s  (C ar ni c er  et  al.,  2 0 1 1 ; 

M c D o w ell et al., 2 0 1 8 ; S e nf et al., 2 0 1 8 ). L ar g e tr e e s h a v e a hi g h er ri s k 

of m ort alit y t h a n s m all er o n e s ( B e n n ett et al., 2 0 1 5 ; R y a n, 2 0 1 5 ; St o v all 

et  al.,  2 0 1 9 ).  H e n c e,  f a st  gr o wt h  m a y  e x p o s e  tr e e s  t o  a  hi g h  ri s k  of 

si z e-r el at e d tr e e m ort alit y ( M c D o w ell et al., 2 0 1 8 ). S u b s e q u e ntl y, tr e e 

r a di al  gr o wt h  r at e  a n d  tr e e  gr o wt h  r e s p o n s e  t o  i n cr e a si n g  dr o u g ht 

d et er mi n e w h et h er tr e e s p e ci e s h a v e hi g h tr e e m ort alit y i n t hi s c h a n gi n g 

w orl d. A s o a k tr e e s p erf or m a n d a d a pt w ell t o i n cr e a si n g dr o u g ht, u n -

d er st a n di n g  t h e  f a ct or s  t h at  c o ntr ol  tr e e  gr o wt h  r at e s  a n d  tr e e s ’ r e -

s p o n s e s t o dr o u g ht i n o a k tr e e s i s cr u ci al t o u n d er st a n di n g h o w o a k tr e e s 

a d a pt t o w ar mi n g-i n d u c e d dr o u g ht. 

I n cr e m e nt  i n  tr e e  st e m  di a m et er  r e fl e ct s  t h e  r a di al  gr o wt h  r at e  of 

tr e e s. Di a m et er gr o wt h p erf or m a n c e v ari e s wit h tr e e s p e ci e s a n d h a bit at 

c h ar a ct eri sti c s  ( K ari u ki  et  al.,  2 0 0 6 ; N a b e s hi m a b  et  al.,  2 0 1 0 ).  At 

r e gi o n al s c al e s, s p ati al v ari ati o n i n tr e e di a m et er s i s hi g hl y r el at e d t o t h e 

cli m at e c o n diti o n of t h eir gr o wt h sit e s ( Y e h a n d W e n s el, 2 0 0 0 ). W hil e 

f a st- gr o wi n g  tr e e s  pr ef er  m o d er at e  t e m p er at ur e s  a n d  h u mi dit y  l e v el s 

(V e nt er et al., 2 0 1 7 ), sl o w- gr o wi n g tr e e s m ai nl y gr o w i n h ar s h er e n vi -

r o n m e nt al c o n diti o n s. All el s e b ei n g e q u al, f a st er gr o wt h r at e s l e a d t o 

l ar g er  tr u n k  si z e s.  H e n c e,  hi g h  v ari ati o n  i n  tr u n k  si z e  c a n  b e  f o u n d 

*  C orr e s p o n di n g a ut h or at: H e b ei A gri c ult ur al U ni v er sit y, 2 8 9 Li n g y u si Str e et, B a o di n g, H e b ei. 

E- m ail a d dr ess: z h xi a nli a n g 8 5 @ g m ail. c o m ( X. Z h a n g).  

C o nt e nt s li st s a v ail a bl e at S ci e n c e Dir e ct 

A g ri c ult u r al a n d F or e st M et e or ol o g y 

j o ur n al h o m e p a g e: w w w. el s e vi er. c o m/l o c at e/ a grf or m et 

htt p s: / / d oi. or g / 1 0. 1 0 1 6 /j. a grf or m et. 2 0 2 1. 1 0 8 6 1 1 

R e c ei v e d 2 2 A pril 2 0 2 1; R e c ei v e d i n r e vi s e d f or m 4 A u g u st 2 0 2 1; A c c e pt e d 1 0 A u g u st 2 0 2 1   

mailto:zhxianliang85@gmail.com
www.sciencedirect.com/science/journal/01681923
https://www.elsevier.com/locate/agrformet
https://doi.org/10.1016/j.agrformet.2021.108611
https://doi.org/10.1016/j.agrformet.2021.108611
https://doi.org/10.1016/j.agrformet.2021.108611
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agrformet.2021.108611&domain=pdf


Agricultural and Forest Meteorology 308-309 (2021) 108611

2

within the same tree species that can grow in regions with different 
climate conditions. For example, the Dahurian larch grows normally in 
the warmer part of northeast China, but can persist with extremely slow 
growth in the colder part of northeast China resulting in substantial size 
variation between those populations (Zhang et al., 2019a). Size-related 
tree mortality indicated that the trunk size of the same tree species in
fluences its responses to increasing droughts (Bennett et al., 2015; 
Mcdowell et al., 2020). Therefore, detection of how climate factors in
fluence spatial variation in tree radial growth and size is crucial to 
predict how increasing drought will influences tree growth and survival 
in different regions. 

Hot drought causes widespread forest decline worldwide (Allen 
et al., 2010). Water availability is one of the major factors to determine 
whether tree growth can cope with hot drought (McDowell and Allen, 
2015; D orangeville et al., 2016; Zhang et al., 2019b). Reduced growth 
and low growth resilience to drought can be an early signal of tree 
mortality (Liu et al., 2019; DeSoto et al., 2020), which can eventually 
impact the species distribution. As water shortages are predicted to in
crease in the future, water shortages are likely to become a major factor 
limiting species distribution (McDowell and Allen, 2015; Yuan et al., 
2019). 

Forests in warm and semi-arid regions may suffer the most in the 
decades ahead; however, there may also be notable changes in cooler 
and wetter regions (McDowell et al., 2020). Some pine species, such as 
the Scots pine, showed a shrinking distribution with drought caused by 
increased warming in North Europe (Reich and Oleksyn, 2008), and 
increasingly severe drought events caused a high risk of larch growth 
cessation in North China (Zhang et al., 2021a). Broadleaved species 
seem to be less affected by drought than needleleaved species (McDo
well et al., 2016). The oak tree, a broadleaf species, is widely distributed 
worldwide (Plomion et al., 2018). Compared with the shrinkage in pine 
distribution, drought adapted Mediterranean oaks tend to expand their 
distributions (McIntyre et al., 2015; Al-Qaddi et al., 2016; Mar
tín-Gomez et al., 2017; Martinez-Sancho et al., 2018; Etzold et al., 
2019), although serious drought can cause a decline in tree growth of 
Quercus rubra in the driest regions of Europe (Cater, 2015; Natalini et al., 
2016). Oaks species are assumed to be well positioned to fill the gaps left 
by other species in the face of drought. One study has predicted that the 
dense stands of spruce and fir in an evergreen forest of Australia will 
change to a mix of oaks and pines if warming continues (Albrich et al., 
2020). Although oak trees are often assumed to expand their distribu
tion, little is known about the actual growth performance of oak species 
in the regions where they may expand to. 

The Mongolian oak (Quercus mongolica Fisch. ex Ledeb) is an oak 
species that is widely distributed in North China (Lyu et al., 2017; Su 
et al., 2020), where it is a dominant tree species in broadleaf and nee
dleleaf mixed forests. The distribution of Mongolian oak forests covers 
the large latitude range of 34 N to 55 N from its southern sub-arid edge 
to the northern semi-humid edge. The wide geographic distribution and 
vast climatic variation in its distribution makes Mongolian oak an ideal 
species to study how drought determines the growth rate, growth 
response to drought and its response to varying degrees of dryness. 

Like the expansion of oak species in the Mediterranean regions 
(Martín-Gomez et al., 2017; Etzold et al., 2019), Mongolian oak is also 
projected to expand its distribution in northeast China with continued 
warming (He et al., 2005). To better understand Mongolian oak s 
drought response, we investigated whether the basal area growth rate 
and growth trend of Mongolian oak trees varied with climate factors 
across most of its distribution. Accordingly, we aimed to detect the 
spatial variation of basal area growth rate, and investigate the spatial 
variations in trees response to drought across a regional moisture 
gradient spanning most of the species distribution. 

2. Materials and methods 

2.1. Study region 

Mongolian oak forests are mainly distributed in North China (Fig. 1). 
The Mongolian oak is the dominant tree species in these regions, 
accompanied by some broadleaf tree species such as Betula platyphylla 
Suk, Fraxinus mandshurica Rupr., Phellodendron amurense Rupr., and 
some needleleaf tree species such as Pinus koraiensis Sieb, and Larix 
gmelinii. Ten sites, in regions ranging from semi-arid to sub-humid zones, 
were selected as the sample sites to collect tree-ring cores (Fig. 1). The 
region has a monsoon climate, as the summer is hot and humid, while 
winter is cold and dry. Mean temperatures in January can be as low as 
-25 C~-28 C, while July mean temperature can reach 18 C~20 C. The 
lowest minimum temperature recorded in our study region was lower 
than -40 C. Annual total precipitation is low (c. 450 mm) with more 
than 80% falling between June and September. 

2.2. Sampling network and width measurement 

Cores were collected from natural Mongolian oak forests in ten sites 
in North China (Table S1). We randomly sampled at least 20 individual 
trees per site. In each location, two samples were collected from each 
randomly selected tree at breast height (1.3 m) using an increment 
borer. In total, we collected 456 cores from 233 trees (Table S1). Tree 
cores were dried and stabilized, and sanded until ring boundaries and 
wood structure were clearly visible by following standard dendrochro
nological methods (Cook & Kairiukstis, 1990). 

The cores were visually cross-dated, and then measured to the 
nearest 0.01 mm using the LINTAB6 measuring system. Crossdating 
quality was assessed using COFECHA software (Holmes, 1983). 
Tree-ring width measurements were transformed to basal area incre
ment (BAI) to characterize tree radial growth. BAI indicates accurate 
tree vigor and growth over time, and is a good indicator of growth trend 
(Duchesne et al., 2002). BAI was calculated from tree ring growth ac
cording to the formula: 

where R is the radius of the tree and t is the year of tree-ring formation. 
The age of the sampled Mongolian oak trees was approximately 

30 50 years, which is close to the average age in those forests. We 
excluded trees that were older than 65 years and younger than 20 years 
to limit the influence of age on tree radial growth. The growth rate of 
stem diameter was calculated as the total BAI divided by the age of each 
tree. The mean basal area growth rate was calculated as the average of 
the basal area growth rate for all trees in one sample site. 

Each measurement series was standardized in ARSTAN using the 
Friedman method (alpha 5) to remove non-climatic trends such as 
geometrical or disturbance signals that could obscure climatic responses 
(Cook & Holmes 1986). A prewhitening method was used to remove the 
autoregression of tree-ring series in ARSTAN. The resulting growth 
index chronology was calculated using the biweight robust mean. For 
further chronology statistics, such as the expressed population signal 
(Wigley et al., 1984), see Table S1. 

We also compiled published tree-ring chronologies of the Mongolian 
oak in our study. The tree-ring width chronologies from literature were 
digitized using GetData Graph Digitizer (https://getdata-graph-digitiz 
er.com/download.php) from Lyu et al. (2017) and Han et al. (2019). 
These chronologies were sampled from eight additional sites that did not 
overlap with our sample sites (Fig. 1 and Table S1). 

2.3. Climate data 

Climatic data from 18 weather stations, distributed throughout the 
region from which we obtained chronologies, were used (Zhang et al., 
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2 0 2 1 b ).  M o nt hl y  m e a n  t e m p er at ur e,  t ot al  pr e ci pit ati o n,  a n d  r el ati v e 

h u mi dit y f or 1 8 st ati o n s w er e o bt ai n e d fr o m t h e C hi n e s e M et e or ol o gi c al 

D at a S h ari n g S er vi c e S y st e m ( htt p: / / c d c. c m a. g o v. c n / ). T h e cli m at e r e-

c or d s fr o m t h e s e w e at h er st ati o n s str et c h e d fr o m 1 9 5 7 t o 2 0 1 9. 

T o  q u a ntif y  t h e  r e s p o n s e  of  dr o u g ht  t o  tr e e  gr o wt h,  a d e q u at e 

dr o u g ht i n di c e s f or t h e st u d y r e gi o n ar e n e e d e d. V ari o u s dr o u g ht i n di c e s 

h a v e  b e e n  pr o p o s e d.  T h e  m oi st ur e  i n d e x  of I v a n o v  ( 1 9 4 8), 

s elf- c ali br ati n g P al m er Dr o u g ht S e v erit y I n d e x ( P D SI), a n d v a p or pr e s -

s ur e d e fl cit ( V P D) w er e u s e d i n t hi s st u d y t o i n v e sti g at e w hi c h w a s t h e 

b e st o n e t o li n k tr e e gr o wt h r at e a n d dr o u g ht. 

T h e m oi st ur e i n d e x of I v a n o v ( h e n c ef ort h r ef err e d t o a s K v al u e) w a s 

c al c ul at e d  t o  r e fl e ct  t h e  m oi st ur e  c o n diti o n s  i n  e v er y  s a m pl e  sit e,  a s 

f oll o w s (I v a n o v, 1 9 4 8). 

K =
P

E 0

=
P

∑ 1 2
m = 1 0 .0 0 1 8 ∗ ( 2 5 + T m ) 2 ∗ ( 1 0 0 − R H m )

w h e r e K i s  m oi st ur e  i n d e x  of  I v a n o v, P i s  t ot al  a n n u al  pr e ci pit ati o n 

( m m), T m i s  m o nt hl y  t e m p er at ur e  (◦ C),  a n d R H m i s  m o nt hl y  r el ati v e 

h u mi dit y ( %). 

T h e P D SI i s a dr o u g ht i n d e x u s e d t o e sti m at e r el ati v e dr y n e s s b a s e d 

o n  t e m p er at ur e  a n d  pr e ci pit ati o n  d at a  ( D ai  et  al.,  2 0 0 4 ).  P D SI  i s 

c al c ul at e d b a s e d o n a s u p pl y- a n d- d e m a n d m o d el of s oil m oi st ur e a n d 

g e n er all y r e fl e ct s t h e s oil m oi st ur e c o n diti o n. P D SI d at a w er e r etri e v e d 

f or e v er y s a m pl e sit e fr o m t h e w e b sit e (htt p s: / / cr u d at a. u e a. a c. u k / cr u 

/ d at a / dr o u g ht / ).  V P D  w a s  c al c ul at e d  b a s e d  o n  m o nt hl y  m a xi m u m 

t e m p er at ur e, mi ni m u m t e m p er at ur e, a n d r el ati v e h u mi dit y. 

T h e f ut ur e pr oj e cti o n s of g e n er al cir c ul ati o n m o d el s ( G C M s) c a n b e 

u s e d t o pr e di ct tr e e gr o wt h ( Z h a n g et al., 2 0 1 7 ). W e c al c ul at e d K v al u e s 

b a s e d  o n  cli m at e  pr oj e cti o n s  f or  t h e  p eri o d  2 0 2 1- 2 1 0 0.  Cli m at e  d at a 

u n d er diff er e nt s c e n ari o s w er e o bt ai n e d u si n g G C M si m ul ati o n s fr o m t h e 

C o u pl e d M o d el I nt er c o m p ari s o n Pr oj e ct 5 w e b sit e ( htt p s: / / p c m di.ll nl. 

g o v / mi p s / c mi p 5 / ). T h e m ulti- m o d el m e a n m et h o d h a s b e e n s h o w n t o 

pr o d u c e  m or e  a c c ur at e  r e s ult s  c o m p ar e d  t o  t h e  si n gl e  si m ul ati o n s 

(Z h a n g et al., 2 0 1 6 ; Z h a n g et al., 2 0 1 8 ). T h er ef or e, w e i nt er p ol at e d t h e 

si m ul ati o n s of 2 8 G C M s t o 2. 5 ◦ × 2. 5 ◦ f o r t h e st u d y r e gi o n t o c al c ul at e 

t h e m ulti- m o d el m e a n m o nt hl y m e a n t e m p er at ur e s, m o nt hl y t ot al pr e -

ci pit ati o n a n d m o nt hl y r el ati v e h u mi dit y. T h er e ar e f o ur R e pr e s e nt ati v e 

C o n c e ntr ati o n P at h w a y s ( R C P s), h o w e v er, o nl y R C P 2. 6 w a s u s e d i n t hi s 

st u d y, a s it si m ul at e d m o d er at e w ar mi n g, t h u s pr e s e nt s a c o n s er v ati v e 

e sti m at e. 

2. 4.  M et h o ds 

T h e  li n e ar  r e gr e s si o n s  b et w e e n  m e a n  b a s al  ar e a  gr o wt h  r at e  a n d 

m oi st ur e c o n diti o n ( K, V P D, a n d P D SI) w er e e sti m at e d u si n g t h e or di -

n ar y  l e a st  s q u ar e  m et h o d  t o  q u a ntif y  t h e  i n fl u e n c e  of  sit e  m oi st ur e 

c o n diti o n o n t h e r a di al gr o wt h r at e a cr o s s r e gi o n s. 

T h e c orr el ati o n b et w e e n e a c h sit e c hr o n ol o g y a n d cli m at e ( m o nt hl y 

m e a n  t e m p er at ur e,  m o nt hl y  t ot al  pr e ci pit ati o n,  m o nt hl y  r el ati v e  h u -

mi dit y,  a n d  m o nt hl y  P D SI)  fr o m  t h e  n e ar e st  cli m at e  st ati o n  w er e 

c al c ul at e d t o i d e ntif y gr o wt h- cli m at e c orr el ati o n s. Gr o wt h – P D SI c orr e -

l ati o n w a s c al c ul at e d t o d et e ct t h e i n fl u e n c e of dr o u g ht o n tr e e r a di al 

gr o wt h, a s P D SI h a d b ett er r el ati o n s hi p wit h tr e e r a di al gr o wt h t h a n K 

v al u e a n d  V P D. T h e c orr el ati o n b et w e e n m oi st ur e c o n diti o n s a n d t h e 

gr o wt h – P D SI c orr el ati o n d uri n g gr o wi n g s e a s o n ( J u n e – A u g u st) a cr o s s 

sit e s  w a s  c al c ul at e d  t o  i n v e sti g at e  t h e  p ot e nti al  i nt er a cti v e  eff e ct s  of 

m oi st ur e c o n diti o n s o n gr o wt h – dr o u g ht d e p e n d e n ci e s. 

K v al u e s w er e c al c ul at e d b a s e d o n pr oj e ct e d m o nt hl y t e m p er at ur e, 

pr e ci pit ati o n, a n d r el ati v e h u mi dit y f or t h e p eri o d 1 9 5 7 – 2 1 0 0; h o w e v er, 

a  bi a s  e xi st e d  b et w e e n  t h e  pr oj e ct e d  K  v al u e s  a n d  o b s er v e d  K  v al u e s 

w h e n t w o s eri e s w er e c o m p ar e d. T h er ef or e, w e a dj u st e d t h e m e a n v al u e 

a n d  st a n d ar d  d e vi ati o n  of  t h e  pr oj e ct e d  K  v al u e s  a c c or di n g  t o  t h e 

o b s er v e d K v al u e s. F ut ur e pr oj e cti o n s of tr e e r a di al gr o wt h a n d dr o u g ht- 

gr o wt h c orr el ati o n w er e c al c ul at e d f or t h e p eri o d 2 0 2 1 – 2 1 0 0 b a s e d o n 

t h eir r el ati o n s hi p wit h t h e K v al u e i n t h e p eri o d 1 9 5 7– 2 0 1 7. 

3.  R e s ult s 

3. 1. S p ati al v ari ati o ns of b as al ar e a gr o wt h r at e wit h m oist ur e c o n diti o ns 

M e a n  a n n u al  t e m p er at ur e s  i n  t h e  s o ut h er n  st ati o n s  w er e  m u c h 

hi g h er t h a n t h o s e i n t h e n ort h er n st ati o n s, a n d a n n u al t ot al pr e ci pit ati o n 

w a s hi g h er i n t h e e a st er n p art of t h e st u d y r e gi o n t h a n i n t h e w e st er n 

p art  of  t h e  st u d y  r e gi o n  ( Fi g.  s 1).  K  v al u e s  r a n g e d  fr o m  0. 5  t o  1. 2, 

i n di c ati n g a m oi st ur e gr a di e nt fr o m s e mi- ari d i n t h e s o ut h w e st t o s u b- 

h u mi d r e gi o n i n t h e n ort h e a st of t h e st u d y r e gi o n ( Fi g. 2 ), a n d b ut K 

v al u e s di d n ot c h a n g e si g ni fi c a ntl y i n t h e p a st 6 0 y e ar s (i. e. 1 9 5 7 – 2 0 1 7, 

p > 0. 0 5 , Fi g. s 2). 

Tr e e b a s al ar e a gr o wt h r at e i s hi g hl y r el at e d t o m oi st ur e c o n diti o n 

(Fi g. 2 ). W e f o u n d a hi g h p o siti v e c orr el ati o n b et w e e n tr e e b a s al ar e a 

gr o wt h r at e a n d t h e K v al u e ( r = 0. 8 4, p < 0. 0 0 1). Hi g h tr e e b a s al ar e a 

gr o wt h r at e w a s f o u n d at sit e s wit h hi g h K v al u e s, w h er e a s l o w tr e e b a s al 

ar e a gr o wt h r at e w a s f o u n d at sit e s wit h l o w K v al u e s. C o m p ar e d t o t h e 

r e s ult s fr o m K v al u e, V P D h a d w e a k er b ut si g ni fi c a nt c orr el ati o n wit h 

tr e e b a s al ar e a gr o wt h r at e ( R2 = 0. 4 1; Fi g. S 3). P D SI di d n ot h a v e a 

Fi g. 1. L o c ati o n of s a m pl e sit e a n d m et e or ol o gi c al st ati o n s ( a), a n d i m a g e s of o a k tr e e s i n diff er e nt m oi st ur e c o n diti o n s ( b). T h e sit e I D s a n d ot h er b a si c i nf or m ati o n 

f or e a c h sit e ar e li st e d i n T a bl e. S 1. 

X. Z h a n g et al.                                                                                                                                                                                                                                   

http://cdc.cma.gov.cn/
https://crudata.uea.ac.uk/cru/data/drought/
https://crudata.uea.ac.uk/cru/data/drought/
https://pcmdi.llnl.gov/mips/cmip5/
https://pcmdi.llnl.gov/mips/cmip5/


A gri c ult ur al a n d F or est M et e or ol o g y 3 0 8- 3 0 9 ( 2 0 2 1 ) 1 0 8 6 1 1

4

si g ni fl c a nt  c orr el ati o n  wit h  tr e e  b a s al  ar e a  gr o wt h  r at e  ( p > 0. 0 5, 

Fi g. S 3). 

3. 2.  Cli m at e- gr o wt h r el ati o ns hi p 

A  si g ni fl c a nt  c orr el ati o n  b et w e e n  sit e  c hr o n ol o gi e s  a n d  m o nt hl y 

m e a n t e m p er at ur e w a s m o stl y f o u n d i n J u n e, J ul y, a n d A u g u st ( Fi g. 3 ). 

T h er e  w er e si g ni fl c a nt  n e g ati v e  c orr el ati o n  c o ef fl ci e nt s b et w e e n  J u n e 

m e a n t e m p er at ur e a n d sit e c hr o n ol o gi e s i n s e v e n of t e n sit e s ( p < 0. 0 5). 

S u m m er  ( J u n e- A u g u st)  m e a n  t e m p er at ur e  w a s  n e g ati v el y  c orr el at e d 

wit h tr e e r a di al gr o wt h i n si x of t e n sit e s ( p < 0. 0 5). M o nt hl y pr e ci pi -

t ati o n  h a d  n o  si g ni fl c a nt  c orr el ati o n  wit h  sit e  c hr o n ol o gi e s  i n  m o st 

m o nt h s ( p > 0. 0 5, Fi g. 3 ). N e g ati v e c orr el ati o n c o ef fi ci e nt s w er e m o stl y 

f o u n d b et w e e n pr e- gr o wi n g s e a s o n pr e ci pit ati o n a n d sit e c hr o n ol o gi e s, 

w h er e a s p o siti v e c orr el ati o n c o ef fi ci e nt s w er e f o u n d d uri n g t h e gr o wi n g 

s e a s o n. T ot al s u m m er pr e ci pit ati o n h a d a si g ni fi c a nt p o siti v e c orr el ati o n 

wit h sit e c hr o n ol o gi e s i n si x sit e s ( p < 0. 0 5). N o si g ni fi c a nt c orr el ati o n 

w a s  f o u n d  b et w e e n  m e a n  r el ati v e  h u mi dit y  a n d  sit e  c hr o n ol o gi e s  i n 

m o nt h s e x c e pt J u n e a n d J ul y. J u n e- J ul y m e a n r el ati v e h u mi dit y h a d a 

si g ni fi c a nt p o siti v e c orr el ati o n wit h sit e c hr o n ol o gi e s i n ni n e sit e s ( p <

0. 0 5, Fi g.  3 ).  T h er e  w a s  a  si g ni fi c a nt  p o siti v e  c orr el ati o n  b et w e e n 

s u m m er m e a n P D SI a n d b a s al ar e a gr o wt h i n t e n sit e s ( p < 0. 0 5, Fi g. 3 ). 

Wi nt er P D SI s h o w e d a n e g ati v e c orr el ati o n wit h b a s al ar e a gr o wt h i n si x 

sit e s, alt h o u g h t h e c orr el ati o n w a s n ot st ati sti c all y si g ni fi c a nt ( p > 0. 0 5, 

Fi g. 3 ). 

3. 3.  R el ati o ns hi p b et w e e n m oist ur e c o n diti o ns a n d tr e es ’ r es p o ns e t o 

dr o u g ht 

T h er e w a s a s p ati al p att er n of t h e i n fl u e n c e of s u m m er P D SI o n tr e e 

gr o wt h ( Fi g. 3 ). I n cr e a si n g P D SI h a d a si g ni fi c a nt p o siti v e i n fl u e n c e o n 

tr e e gr o wt h i n t e n sit e s, b ut s h o w e d t h e o p p o sit e r el ati o n s hi p / w a s l e s s 

Fi g. 2. Hi g h er B AI i n cr e m e nt w a s f o u n d i n hi g h er K v al u e r e gi o n s ( a), a n d li n e ar r el ati o n s hi p b et w e e n B AI a n d K v al u e ( b). T h e d ot si z e r e pr e s e nt s t h e B AI, w hil e t h e 

d ot c ol or i n di c at e s t h e K v al u e. T h e B AI i n cr e m e nt w a s c al c ul at e d a s t h e t ot al B AI di vi d e d b y t h e a g e t o r e fl e ct t h e b a s al ar e a gr o wt h r at e. T h e tr e e s t h at y o u n g er t h a n 

2 0 y e ar s a n d ol d er t h a n 6 5 y e ar s w er e e x cl u d e d t o mi ni mi z e t h e i n fl u e n c e s of a g e o n tr e e b a s al ar e a gr o wt h. 

Fi g. 3. C orr el ati o n c o ef fi ci e nt s b et w e e n sit e c hr o n ol o gi e s a n d cli m at e v ari a bl e s ( P D SI, P R E ( pr e ci pit ati o n), R H U M (r el ati v e h u mi dit y), T E M (t e m p er at ur e), a n d V P D) 

d uri n g t h e p eri o d 1 9 5 7- 2 0 1 7. T h e sit e s w er e arr a n g e d fr o m t h e dri e st at t h e t o p t o w ett e st at t h e b ott o m. 
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i n fl u e nti al i n t h e ot h er ei g ht sit e s. Tr e e gr o wt h r e s p o n s e t o i n cr e a si n g 

dr o u g ht w a s si g ni fl c a ntl y c orr el at e d wit h t h eir K v al u e s ( Fi g. 4 a). Tr e e s 

gr o wi n g  i n  l o w  K  v al u e  r e gi o n s  h a d  a  si g ni fl c a nt  p o siti v e  c orr el ati o n 

wit h s u m m er P D SI, h o w e v er, n o si g ni fl c a nt c orr el ati o n w a s f o u n d b e -

t w e e n  sit e  c hr o n ol o gi e s  a n d  s u m m er  P D SI  i n  hi g h  K  v al u e  r e gi o n s 

(Fi g. 4 a). Tr e e gr o wt h o n sit e s wit h K v al u e s l o w er t h a n 0. 7 w er e li k el y 

t o  b e  m or e  aff e ct e d  b y  s u m m er  dr o u g ht.  T h e  r el ati o n s hi p  b et w e e n 

s u m m er dr o u g ht a n d tr e e gr o wt h w a s si g ni fl c a ntl y c orr el at e d wit h V P D 

( R 2 = 0. 6 5); h o w e v er, t h e r el ati o n s hi p w a s n ot a s str o n g a s t h eir c or -

r el ati o n wit h K v al u e s ( R 2 = 0. 7 1, Fi g. s 4). 

Tr e e gr o wt h w a s n e g ati v el y c orr el at e d wit h pr e- gr o wi n g s e a s o n P D SI 

i n hi g h K v al u e r e gi o n s; h o w e v er, a p o siti v e c orr el ati o n w a s f o u n d b e-

t w e e n  sit e  c hr o n ol o gi e s  a n d  pr e- gr o wi n g  s e a s o n  P D SI  i n  l o w  K  v al u e 

r e gi o n s ( Fi g. 4 b). 

3. 4. F ut ur e pr oj e ct of tr e e b as al ar e a gr o wt h a n d tr e es ’ r es p o ns e t o 

dr o u g ht 

Si m ul at e d K v al u e s c o ul d r e fi e ct t h e o b s er v e d c h a n g e s i n K v al u e s 

aft er bi a s- c orr e cti o n ( Fi g. S 5 a). A d e cli n e i n K v al u e w a s o b s er v e d i n all 

sit e s  d uri n g  2 0 2 1 – 2 0 5 0,  b ut  it  i n cr e a s e d  sli g htl y  d uri n g  2 0 5 1 – 2 1 0 0 

w h e n pr oj e ct e d m ulti- m o d el m e a n s of 2 8 G C M s f or R C P 2. 6 ( Fi g. S 5 b). 

T h e  K  v al u e  will  d e cli n e  w h e n  i n cr e a si n g  pr e ci pit ati o n  d o e s  n ot 

c o m p e n s at e f or e v a p or ati o n. Tr e e gr o wt h r at e w a s pr oj e ct e d t o d e cr e a s e 

a n d dr o u g ht s e n siti vit y t o i n cr e a s e i n r e gi o n s w h er e t h e K v al u e d e cli n e d 

(Fi g. 5 ). T h e r e d u cti o n i n tr e e b a s al ar e a gr o wt h r at e w a s l e s s t h a n 5 0 % 

i n all sit e s d uri n g 1 9 5 7– 2 0 1 7; h o w e v er, tr e e gr o wt h will r e d u c e b y m or e 

t h a n 4 0 % i n si x sit e s d uri n g 2 0 5 1– 2 1 0 0. Tr e e b a s al ar e a gr o wt h r at e i s 

pr oj e ct e d t o r e d u c e b y at l e a st 8 0 % i n si x sit e s ( S Y S, J X, M J D, H C, L Z H, 

a n d  Y X)  a n d  will  o nl y  r e d u c e  b y  l e s s  t h a n  3 0 %  i n  t hr e e  sit e s  d uri n g 

2 0 2 1 – 2 0 5 0  ( Fi g.  5 a),  i n di c ati n g  a  p er v a si v e  d e cli n e  i n  pr oj e ct e d  tr e e 

gr o wt h. 

T h e  p o siti v e  dr o u g ht- gr o wt h  c orr el ati o n  will  i n cr e a s e  i n  all  sit e s 

d uri n g  t h e  p eri o d s  2 0 2 1 – 2 0 5 0  a n d  2 0 5 1 – 2 1 0 0.  T h e  c orr el ati o n  c o -

ef fi ci e nt s  will  b e  hi g h er  t h a n  0. 4  i n  1 0  sit e s  f or  2 0 2 1 – 2 0 5 0,  a n d  a 

d e cr e a s e  i n  c orr el ati o n  c o ef fi ci e nt s  will  b e  o nl y  o b s er v e d  i n  o n e  sit e 

d uri n g  t hi s  p eri o d.  Tr e e  gr o wt h  i s  pr oj e ct e d  t o  h a v e  hi g h  c orr el ati o n 

c o ef fi ci e nt s  wit h  s u m m er  dr o u g ht  i n  si x  sit e s  d uri n g  2 0 5 1 – 2 1 0 0 

(Fi g. 5 b). 

4.  Di s c u s si o n 

O ur fi n di n g s r e v e al e d t h at M o n g oli a n o a k tr e e s t e n d t o gr o w f a st er i n 

w ett er  r e gi o n s,  w h er e  t h eir r a di al  gr o wt h i s  l e s s  aff e ct e d  b y dr o u g ht. 

R a di al gr o wt h of tr e e s m a y d e p e n d o n tr e e s p e ci e s, cli m at e, tr e e a g e, a n d 

ot h er tr e e-r el at e d f a ct or s ( R e nt c h et al., 2 0 0 2 ; N a b e s hi m a et al., 2 0 1 0 ; 

G ó m e z- A p a ri ci o et al., 2 0 1 1 ). I n t hi s st u d y, M o n g oli a n o a k tr e e s fr o m a 

si mil ar a g e gr o u p w er e u s e d t o r e m o v e t h e i n fi u e n c e of tr e e a g e, tr e e 

s p e ci e s, a n d ot h er tr e e-r el at e d f a ct or s, i n or d er t o d et e ct h o w cli m at e 

c o n diti o n s i n fi u e n c e s p ati al v ari ati o n i n t h e b a s al ar e a gr o wt h r at e of 

o a k tr e e s. M o n g oli a n o a k tr e e s ar e wi d el y di stri b ut e d i n n ort h er n C hi n a, 

a n d t h e y o c c ur i n b ot h r el ati v el y w et a n d dr y ar e a s. T h e tr u n k si z e s of 

M o n g oli a n o a k tr e e s v ar y si g ni fl c a ntl y wit h m oi st ur e gr a di e nt s ( e. g., S u 

et al., 2 0 2 0 ). T hi n n er a n d s h ort er o a k tr e e s ar e m ai nl y f o u n d i n dri er 

ar e a s i n t h e w e st er n p art of n ort h e a st C hi n a, w h er e a s t hi c k er a n d t all er 

o a k tr e e s ar e m ai nl y f o u n d i n w ett er ar e a s i n t h e e a st er n p art of n ort h -

e a st C hi n a. O ur r e s ult s s u g g e st t h at t h e s p ati al diff er e n c e s i n t h e b a s al 

ar e a gr o wt h, t h u s si z e, of o a k tr e e s w er e m ai nl y dri v e n b y t h e m oi st ur e 

gr a di e nt  a cr o s s  t h eir  di stri b uti o n.  R el ati v el y  w ett er  cli m at e s  a p p e ar 

m or e s uit a bl e f or n ur si n g bi g g er o a k tr e e s c o m p ar e d t o dri er r e gi o n s. 

T h e i n fi u e n c e of cli m at e f a ct or s o n tr e e gr o wt h v ari e d wit h m oi st ur e 

c o n diti o n s. T h e n e g ati v e i n fl u e n c e of J u n e t e m p er at ur e a n d t h e p o siti v e 

i n fl u e n c e  of  J u n e  pr e ci pit ati o n  o n  tr e e  gr o wt h  w er e  m ai nl y  f o u n d  i n 

dri er sit e s; t hi s i s c o n si st e nt wit h fl n di n g s of ot h er st u di e s c o n d u ct e d i n 

t h e s e dri er sit e s ( e. g., Li u et al., 2 0 1 3 ; L y u et al., 2 0 1 7 ). T h e i n fi u e n c e of 

dr o u g ht  o n  tr e e  gr o wt h  w a s  l ar g e st  b et w e e n  J u n e  t o  A u g u st  i n  dri er 

sit e s,  a n d  s u p p ort s  pr e vi o u s  fi n di n g s  fr o m  i n d e p e n d e nt  st u di e s  t h at 

gr o wi n g  s e a s o n  dr o u g ht  h a d  a  n e g ati v e  i n fl u e n c e  o n  t h e  gr o wt h  of 

M o n g oli a n o a k ( L y u et al., 2 0 1 7 ). T h e p e a k gr o wi n g s e a s o n of M o n g o -

li a n o a k m ai nl y c oi n ci d e s wit h t hi s J u n e t o A u g u st wi n d o w, a s it i s a 

d e ci d u o u s  br o a dl e af  tr e e  s p e ci e s.  T h e  n e g ati v e  i n fl u e n c e  of  gr o wi n g 

s e a s o n dr o u g ht o n tr e e gr o wt h i n dr y r e gi o n s s u g g e st s t h at i n cr e a si n g 

dr o u g ht w o ul d r e s ult i n tr e e gr o wt h d e cli n e s i n t h e s e sit e s u n d er pr o -

j e ct e d i n cr e a s e s i n dr o u g ht a n d w ar mi n g. 

R a pi d  w ar mi n g  h a s  alr e a d y  r e s ult e d  i n  a n  i n cr e a s e  i n  dr o u g ht  i n 

m aj or  p art s  of  N ort h  C hi n a  ( Gr e v e  et  al.,  2 0 1 4 ; Z h a n g  et  al.,  2 0 1 9 b ; 

Z h a n g et al., 2 0 2 1 ). Dr o u g ht s u p pr e s si o n of gr o wt h w a s str o n gl y r el at e d 

t o  t h e  ari dit y  of  t h e  st u di e d  sit e s.  T h e  n e g ati v e  i n fl u e n c e  of  s u m m er 

dr o u g ht o n tr e e gr o wt h w a s si g ni fi c a nt i n t h e dri e st r e gi o n; h o w e v er, 

tr e e gr o wt h w a s n ot m u c h r e d u c e d b y dr o u g ht i n t h e w ett er r e gi o n s. O ur 

r e s ult s  s u g g e st e d  t h at  g e n er all y  sl o w- gr o wi n g  o a k  tr e e s  gr e w  e v e n 

sl o w er  i n  t h e  dri er  sit e s.  Alt h o u g h  s m all  tr e e s  ar e  l e s s  v ul n er a bl e  t o 

i n cr e a si n g dr o u g ht (B e n n ett et al., 2 0 1 5 ), sl o w- gr o wi n g tr e e s r e d u c e d 

t h eir r a di al gr o wt h i n r e s p o n s e t o dr o u g ht at t h e dri er e n d of o ur st u d y 

r e gi o n.  H o w e v er,  t h e  si z e- a s s o ci at e d  tr a d e- off  b et w e e n  dr o u g ht  r e si s -

t a n c e a n d gr o wt h d e cli n e cl e arl y w arr a nt s a d diti o n al r e s e ar c h. 

T h e  c o m bi n e  eff e ct s  of  hi g h  pr e ci pit ati o n  a n d  hi g h  P D SI  ( b ot h 

pr o xi e s  f or  a v ail a bl e  s oil  m oi st ur e)  i n  t h e  pr e- gr o wi n g  s e a s o n  h a d  a 

n e g ati v e i n fl u e n c e o n tr e e gr o wt h i n w ett er r e gi o n s. Hi g h pr e ci pit ati o n 

i s oft e n a s s o ci at e d wit h l o w mi ni m u m t e m p er at ur e, w hi c h h a s n e g ati v e 

i n fl u e n c e o n o a k gr o wt h i n t h e pr e- gr o wi n g s e a s o n (L y u et al., 2 0 1 7 ). 

A d diti o n all y,  o a k  tr e e s  pr ef er  w ell- dr ai ni n g  l o a m y  s oil s  ( Pi k e  et  al., 

2 0 0 6 ).  T hi c k  s n o w p a c k s  i n  t h e  w et  r e gi o n  of  n ort h e a st  C hi n a  m a y b e 

h o w e v er s u p pl y hi g h s oil m oi st ur e l e v el s i n t h e pr e- gr o wi n g s e a s o n. T hi s 

hi g h s oil w at er c o nt e nt i n pr e- gr o wi n g s e a s o n aff e ct s t h e r at e of r o oti n g 

a cti vit y, l e a di n g t o a n e g ati v e i n fl u e n c e o n tr e e gr o wt h. I n s u p p ort of t hi s 

i d e a,  t h e  n e g ati v e  i n fl u e n c e  of  hi g h  P D SI  di mi ni s h e d  wit h  i n cr e a si n g 

dr y n e s s i n t h e st u d y r e gi o n. 

I nt er a cti o n s b et w e e n pr e ci pit ati o n a n d e v a p otr a n s pir ati o n i n fl u e n c e 

tr e e b a s al ar e a gr o wt h r at e a n d tr e e s’ r e s p o n s e s t o dr o u g ht. O ur r e s ult s 

Fi g. 4. R el ati n o s hi p b et w e e n t h e s u m m er ( a, b) a n d pr e- gr o wi n g s e a s o n ( c, d) P D SI - gr o wt h c orr el ati o n of Q u er c us M o n g oli c a tr e e gr o wt h a n d K v al u e. T h e d ot si z e 

r e pr e s e nt s t h e si z e of c orr el ati o n c o ef fi ci e nt. 

X. Z h a n g et al.                                                                                                                                                                                                                                   



A gri c ult ur al a n d F or est M et e or ol o g y 3 0 8- 3 0 9 ( 2 0 2 1 ) 1 0 8 6 1 1

6

s u g g e st t h at t h e gr o wt h of M o n g oli a n o a k w a s m or e r e stri ct e d b y t h e 

b al a n c e b et w e e n e v a p otr a n s pir ati o n a n d pr e ci pit ati o n. G e n er all y, o a k 

tr e e s h a v e hi g h tr a n s pir ati o n r at e s a s t h e y h a v e l ar g e l e a v e s ( Oli v eir a 

et al., 1 9 9 2 ), a n d c a n tr a n s pir e 4 5 % – 8 0 % of t ot al a n n u al pr e ci pit ati o n 

d uri n g t h e gr o wi n g s e a s o n ( Ff olli ott et al., 2 0 0 3 ). T h e dr o u g ht i n d e x, 

P D SI, r e fl e ct s t h e s oil w at er a v ail a bilit y, w h er e a s V P D r e fl e ct s t h e at -

m o s p h eri c  d e m a n d  f or  w at er.  S u b s e q u e ntl y,  n eit h er  P D SI,  n or  V P D 

c o n stit ut e s a h oli sti c i m a g e of dr o u g ht; h e n c e, t h e y di d n ot c orr el at e a s 

w ell  wit h  o a k  tr e e  gr o wt h  r at e  a n d  s u p pr e s si o n  of  gr o wt h  d uri n g 

dr o u g ht a s K v al u e s. V P D m a y n ot s h o w a b ett er r el ati o n s hi p b e c a u s e it 

d o e s  n ot  c a pt ur e  t h e  s oil  w at er  s u p pl y.  T h e  K  v al u e  c a pt ur e s  t h e 

c o m p eti n g eff e ct s of w at er s u p pl y a n d at m o s p h eri c d e m a n d f or w at er 

a n d  ar g u a bl y  r e fl e ct s  t h e  h y dr ol o gi c al  c o n diti o n s  i n  t h e  st u d y  r e gi o n 

b ett er.  T h e  i m p ort a n c e  of  t h e  K  v al u e  t o  M o n g oli a n  o a k  tr e e  gr o wt h 

s u g g e st s t h at w at er st at u s ( dri v e n b y b ot h s u p pl y a n d d e m a n d) gr e atl y 

i n fl u e n c e s tr e e gr o wt h. 

G e n er all y, e x p a n si o n i n t h e di stri b uti o n of o a k tr e e s wit h si m ult a -

n e o u s c o ntr a cti o n s i n t h e r a n g e of pi n e s p e ci e s w er e a s s u m e d t o i n di c at e 

t h at t h e o a k tr e e s p e ci e s ar e a bl e t o e n d ur e i n cr e a si n g dr o u g ht, w hil e 

pi n e s  w er e  n ot  ( M cI nt yr e  et  al.,  2 0 1 5 ; Al- Q a d di  et  al.,  2 0 1 6 ; M ar -

tí n- Gó m e z  et  al.,  2 0 1 7 ; Et z ol d  et  al.,  2 0 1 9 ).  Alt h o u g h  o a k  tr e e s  c a n 

c ert ai nl y gr o w i n dr y r e gi o n s, o ur r e s ult s s u g g e st t h at o a k tr e e s gr o w 

m or e r a pi dl y i n w ett er p art s of t h eir di stri b uti o n, w h er e t h e y ar e l e s s 

i m p a ct e d b y dr o u g ht. S m all er tr e e s ar e li k el y t o gr o w e v e n m or e sl o wl y 

i n dri er r e gi o n s i n t h e f ut ur e, if t h e s p ati al r el ati o n s hi p b et w e e n dr o u g ht 

a n d gr o wt h i s v ali d o v er ti m e. R e d u c e d r a di al gr o wt h h a s b e e n ar g u e d t o 

b e  a n  i n di c at or  of  tr e e  m ort alit y  li k eli h o o d  ( D o b b erti n  et  al.,  2 0 0 5 ; 

C a m ar er o et al., 2 0 1 5 ). H e n c e, t h e s ur vi v al of s m all er o a k tr e e s i n dr y 

r e gi o n s m a y b e m or e c h all e n gi n g t h e n c o m m o nl y a s s u m e d w h e n f a c e d 

wit h i n cr e a si n g dr o u g ht. 

W e  e sti m at e  t h at  o a k  tr e e s  gr o wi n g  i n  dr y  r e gi o n s  m a y  b e c o m e 

hi g hl y li mit e d b y s u m m er dr o u g ht i n a b o ut 3 0 y e ar s. T h e M o n g oli a n o a k 

tr e e s  t h at  gr o w  i n  dri er  r e gi o n s  ar e  li k el y  t o  s uff er  i n cr e a si n gl y  fr o m 

dr o u g ht gr o wt h s u p pr e s si o n i n t h e f ut ur e. Alt h o u g h M o n g oli a n o a k tr e e s 

ar e d e e m e d t o b e a dr o u g ht-r e si st a nt s p e ci e s, t h e y ar e alr e a d y v ul n er -

a bl e  t o  s u m m er  dr o u g ht  i n  dr y  r e gi o n s.  A n y  n at ur al  a n d  m a n a g e d 

e x p a n si o n of M o n g oli a n o a k f or e st s i s m or e li k el y t o b e s u c c e s sf ul t o -

w ar d s w ett er r e gi o n s i n n ort h er n C hi n a. 

D e cl a r ati o n of C o m p eti n g I nt e r e st 

T h e a ut h or s d e cl ar e t h at n o c o n fli ct of i nt er e st s e xi st s. 

A c k n o wl e d g e m e nt 

T hi s w or k w a s f u n d e d b y t h e E d u c ati o n D e p art m e nt of H e b ei Pr o v -

i n c e  ( B J 2 0 2 0 0 2 5),  t h e  N ati o n al  N at ur al  S ci e n c e  F o u n d ati o n  of  C hi n a 

( 4 1 6 0 1 0 4 5),  T al e nt  i ntr o d u cti o n  pr o gr a m  i n  H e b ei  A gri c ult ur al  U ni -

v er sit y ( Y J 2 0 1 9 1 8), a n d t h e N ati o n al K e y R e s e ar c h a n d D e v el o p m e nt 

Pr o gr a m of C hi n a ( 2 0 1 7 Y F D 0 6 0 0 4 0 3). T R al s o a c k n o wl e d g e s s u p p ort 

fr o m  t h e  N ati o n al  S ci e n c e  F o u n d ati o n  ( D E B- 1 7 4 1 1 5 8 5  a n d  D E B- 

1 8 3 2 2 1 0). W e t h a n k R u b e n M a n z a n e d o f or hi s c o m m e nt s o n t h e fir st 

dr aft. 

S u p pl e m e nt a r y m at e ri al s 

S u p pl e m e nt ar y m at eri al a s s o ci at e d wit h t hi s arti cl e c a n b e f o u n d, i n 

t h e o nli n e v er si o n, at d oi:1 0. 1 0 1 6 /j. a grf or m et. 2 0 2 1. 1 0 8 6 1 1 . 

R ef e r e n c e s 

A d a m s, H D, G u ar di ol a- Cl ar a m o nt e, M, B arr o n- G aff or d, G A, et al., 2 0 0 9. T e m p er at ur e 
s e n siti vit y of dr o u g ht-i n d u c e d tr e e m ort alit y p ort e n d s i n cr e a s e d r e gi o n al di e- off 

u n d er gl o b al- c h a n g e-t y p e dr o u g ht. Pr o c e e di n g s of t h e N ati o n al A c a d e m y of S ci e n c e s 
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