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Climate change response and multi-scenario simulation of Pinus armandii and

Pinus tabuliformis at the Southern Foothills of the Qinling Mountains
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Abstract: The study combines dendrochronology and the Vaganov-Shashkin process model to systematically analyze the
climate response mechanisms of radial growth in Pinus armandii and Pinus tabuliformis at the southern foothills of the
Qinling Mountains at annual, monthly, and daily scales. It also integrated with four CMIP6 scenarios ( SSP126, SSP245,
SSP370, SSP585) to predict their future adaptability, providing a basis for the sustainable development of forests. The
results showed: (1) With a continuous increase in temperature ( P<0.05) in the study area, Pinus armandii in the
Huoditang Forest District showed a significant upward growth trend from 1971—2023 ( Slope =0.003, P<0.05), while
Pinus tabuliformis in Wuxiang Forest District slowed down its decline by responding to the sudden change in temperature.

(2) The responses of the two species showed spatial-interspecific divergence: Pinus tabuliformis in the Wuxiang Forest
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District responded positively (P<0.05) to the air temperature in October of the previous year and March and September of
the current year, but was suppressed by precipitation in September of the previous and current year, while Pinus
tabuliformis in Huoditang Forest District responded positively to the air temperature in April-August of the current year, and
negatively to the precipitation in August and October of the previous year. The differences in response patterns of Pinus
armandii were even more significant; Pinus armandii in Wuxiang Forest District was negatively regulated by the temperature
in June of the previous year and precipitation in February and September of the current year, while Pinus armandii in
Huoditang Forest District responded significantly positively (P<0.05) to precipitation in September of the current year. (3)
The Vaganov-Shashkin model indicated that Pinus armandii and Pinus tabuliformis were continuously limited by
precipitation during the May-September growing season, that increasing temperatures resulted in a longer growing season for
both, and that Pinus armandii in Wuxiang Forest District significantly lengthened the growing season by efficiently
mitigating water stress through improved drainage (0.33 days/year, P<0.05). (4) Under future scenarios, the tree ring
index of Pinus armandii is projected to increase by 4% (P<0.05) by 2064, with its lower water demand threshold (W, =
0.0079% ) outperforming that of Pinus tabuliformis (W, =0.0397% ) , demonstrating superior adaptability to warming-drying
conditions. This study provides a physiological process-based decision-making tool for the Qinling Mountains planted forests
to cope with warming-drying trends and to achieve carbon peaking and carbon neutrality goals. It can be used as a reference

for studying tree species adaptation in similar climatic zones.

Key Words: climate change; growth divergence; radial growth; Vaganov-Shashkin model; Qinling Mountains
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Table 1 Sampling site information sheet
N IEVER NERTIE/ FEVEZ NSRS K HB AR X A K HB SRR X A L
RAE A
Samoli it Pinus tabuliformis Pinus armandii Pinus tabuliformis Pinus armandii
ampring st of WX of WX of HDT of HDT
25 Longitude 107°4'37"E 107°4'27"E 108°26'41"E 108°26'39"E
2% Latitude 33°15'15"N 33°15'28"N 33°26'4"N 33°26'9"N
7] Slope aspect 3] ™M & ™
Y Slope/(°) 29 27 32 26
4R Altitude/m 1456 1480 1540 1550
FFPZH B Tree species composition 9yl 1l 911 H 8 7 2 #% 91 %
it Stand age 42 54 50 53
g
REU#%E Plant density/ (#/hm?) 1100 950 1083 1267
X [E] Chronology interval 1986—2023 1974—2023 1971—2023 1971—2023
KA/ FES Sample size/ core 53/106 54/108 31/62 34/68
p
— [ B A3 240 Auto-correlation order 0.187 0.276 0.390 0.331
{EMELL Signal to noise ratio 13.547 9.084 9.558 11.323
g
SEXHRRE Mean sensitivit 0.280 0.304 0.178 0.308
y
FEA BRI Expressed population signal 0.931 0.866 0.868 0.911
P pop 2
WX & & HKIX Wuxiang forest district; HDT; Kk HIEFKIX Huoditang forest district
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Fig.2 Monthly climate in the study area
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Fig.3 Differences in temperature and precipitation
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Gr(t)=GrE(t) * min{GrT(t) ,GrW(t)} (1)
o, Gr () A ¢ RARAES MR KR GrE (1) (GrT (1) (GrW (o) M5 R E SR T F 38K 5 w5l
K% B A KR ARPEEIE A AR R4 LA A K G R A AR SE MR B S5  HE Matlab 2023a 54 X 45 7Y
BWAMSE(RESE T, -T, SBESE W, -W, MR Rootd , HIEFHKIBIKE P, HEKZEL Rated UL S IFIRAE
KRB T,) [ BT 8 S AR, B VS A A S HE & B B A R b, o IR AR S 4 (R
2) FARAR U MHHE (SSP126 2 SSP585, 2024—2064 4F ) /28 VS FERY 1 SR Zh 8l , BAUA [R5 57 1 AR AR
KR

R2 HFBIARER VS EESY

Table 2 Four types of tree rings VS model parameters

Ve NI IRV NERTHEIN SHBIEAR DX T JHBIEAR AL
Pinus armandii Pinus tabuliformis Pinus tabuliformis Pinus armandii
of WX of WX of HDT of HDT

28 Mk

Parameters  Parameter description

o . b B E R
a PEA AR BRI 2 0.3833 0.5283 0.1453 6.5122

Minimum temperature for tree growth(°C')

R T IR

T 10.1039 19.6580 11.4072 19.6223
z Lower end of range of optimal temperatures( °C))

=% 2 3E R

T SRR IR 1R . 22.2068 20.1865 20.0987 21.0742
Upper end of range of optimal temperatures( C)
] A H: K B e L e

T, +T*J‘JL<H%|_J(H1E 25.7933 34.5422 30.3363 29.3570
Maximum temperature for tree growth(°C )
b A A K FIRAE: 1 T - e e

W, I 0.0079 0.0397 0.0880 0.0827
Minimum soil moisture for tree growth( %v/v)
At

W, Bt i%/kﬁ(&[ﬁ?[;ﬁ - 0.1913 0.1195 0.1356 0.1699
Lower end of the optimal soil moisture range(%v/v)
=) AT ES

W, BiE+ AALEHELRE 03901 03194 0.3030 0.4661

Upper end of the optimal soil moisture range( %v/v)

i .l L L fE
W, W*ﬁiftﬁ’]ﬂiﬁi REE 0.9348 0.7104 0.9541 0.7147
Maximum soil moisture for tree growth(%v/v)

T K TR FE A R AR

T 127 112 124 80
¢ Temperature sum for initiation of growth(C)

Rootd RARE 898 1019 1600 1298

Depth of root system( mm)
ey L EL E=N

P LIRS L , 2 2 23 23

Maximum daily precipitation for saturated soil (mm/d)
Sk R K

Rated t ,ﬁﬁfi KB . . 0.0135 0.0060 0.0070 0.0115
Coefficient for water drainage from soil
BEH TR l

k, éﬁﬁi%mﬁ* th . . 0.9000 0.9000 0.9000 0.9000
Fraction of precipitation penetrating the soil
EWKHFH

k .2 2 2 .2

2 Water coefficient for transpiration( mm/d) 02500 023500 02500 02500

FEEE T R g

ks ARG y - 0.1800 0.1800 0.1800 0.1800
Temperature coefficient for transpiration(1/°C)

3 HFRESHN

3.1 A
i 5 5 AR S AR 1) R AR AR A AT 2 B AR 5T IX SR THIE B 35 (P<0.05) S BB BeE R, i Rk it &
Kb B E AN (K 3) . MK KK (K 5) SR . i 2 AKX 7 S i (1960—2023 4F ) SR 7 1984 4E 5
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Fig.6 Standard chronology of Pinus tabuliformis and Pinus armandii in Wuxiang Forest District and Pinus tabuliformis and Pinus armandii
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Fig. 7 Analysis of sliding response of tree-ring index to monthly average temperature and precipitation
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Fig.7 Analysis of sliding response of tree-ring index to monthly average temperature and precipitation
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Fig.10 Tree ring index modelling of future climate scenarios

RETEEET A 00 A K 2 IHERCR SO . 78 SSP126 IRHERUTE 5, ik £ MR IX 32 25 T CO, He 84
5538 TR, AR 1A A K B R T (Slope=0.001, P <0.05) ;{HAE T mHERCE 5T, oKDk 3h 5 e R 51 %
IKATAMEHLRT AT JE AR KR I AN AR, 18R 2 B 2 BR AR 2K 432 i, 350k K %7 SSP370 4771
DRRE . AHILZ T SRR AR Z AR 2R SRS S AR o3 55 SR BB (W, ) 4 S AR 8 Ak 8 1o M A 34 T 4%
AR JZ K I3 (W, ) ZERE B SN Tl B8 v XU, RV S0 45 R 32 BT AU A AN Wt 1k e Al T4
R AWFGEAT R P N TR B A TSGR R 7R « e Je Tl B AR LA, 58 5 RZ A AR b /K 2RI F AL
R BT RIS BRI SRR
5 it

AHIFFEUE ST 4 1L R 14 A5 i) Lz ﬁﬁﬁﬁ%%%ﬁmﬁl%ﬁﬁwmaﬁ%MIwhbwn—
2023 AFARATET 5 T, KRR X AE LA 2 0 4 35 A2 KO ( Slope = 0.003, P<0.05) , i £ ARIX A 38
ﬁﬂ%&%fﬂﬁﬂ%TEﬁﬁﬁt%o“MM%%&E@%GMM:w&1w8mm5%ﬁmﬁ$ﬂmm

http ; //www.ecologica.cn



17 4] RULIE e Sy R N A I E AR P A VASEA B ) 13

=0.0115, 0.0135) , Pt 5 H FH 24 4E R K I8¢ 381 18 XU | 1 AR 2 AR 22 (Rootd = 1019, 1600 mm ) fiY
IKAT RN AR B 12 A T TG 266 5 H K e, RBUE KR . ARG AR, & 2064 AR 1A 4
SHOKHE K 4% , HIRE R R 50K /375 R B (W, =0.0079% ) 1 SSP585 1 5t T &L TahAs . HFoe s iR
FR TR W2 R R AR T 7 1 A oML, TS S B A LU A T AR AR T A TR JZ /K A 8 B, S 23 0 TR0 X 2
Tk K e s B AT Ak A AR AR USRS

£ % 3Lk ( References) :

[ 1] ZhangJ T, Ren GY, You Q L. Assessing the escalating human-perceived heatwaves in a warming world: The case of China. Weather and Climate
Extremes, 2024, 43 100643.

[2] LuZG, ChenZ, Yang M, Hao T X, Yu G R, Zhu X J, Zhang W K, Ma L X, Dou X J, Lin Y, Luo W X, Han L., Sun M Y, Chen S P, Dong
G, Gao Y H, Hao Y B, JiangSC, LiYN, LiYZ, Liu SM, Shi P L, Tan J L, Tang Y K, Xin X P, Zhang F W, Zhang Y J, Zhao L, Zhou L,
Zhu Z L. Precipitation consistently promotes, but temperature oppositely drives carbon fluxes in temperate and alpine grasslands in China.
Agricultural and Forest Meteorology, 2024, 344. 109811.

[3] 28l AL, ki, BT, #it. TR SBERRY 160 240 2208 K 10 I KR (LRRIE k. R385 2% 258, 2018, 37(5):
1467-1475.

[ 4] FIRMG, sk&A, KESC, DRISR, FHhm, B, ez, R, R I AN RO T AR 48 5T B2 X S - g iz . 2 25
2E4R, 2024, 44(17) ; 7646-7661.

[ 5] MNTR, WFRFE, XNTE, WI/NME, skifan, skahiy, 2R, #V. WHIFZ AR R R R T A N 25240, 2024, 44(4)
1633-1646.

(6] HEEA, EHel], B KA LD AR AR [ AR R SRASAL B MR b atMoll R 24244%, 2013, 35(3) ; 24-31.

(7] T, BeEd:, s, A, Dt SEEx, TACF, XIBER R L s i K r R i = A2 12 ) AR R SR I R 1. o7

AR, 2021, 32(1) : 46-56.

[ 8] BWENE, XU/INK, A-bs, 2Rk A, Sk H T, BPEAN, PHURIE, JKIEE. JET VS MR YRR T AR A TARAR 0] A= R i B B A 17 . i 4 A
BRGESHRY R, 2023(2) : 1-10.

[ 9] D'Amigo R D, Jacoby G C, Free R M. Tree-ring width and maximum latewood density at the North American tree line: parameters of climatic
change. Canadian Journal of Forest Research, 1992, 22(9) . 1290-1296.

[10] D'Arrigo R, Wilson R, Liepert B, Cherubini P. On the ‘divergence problem’ in northern forests; a review of the tree-ring evidence and possible
causes. Global and Planetary Change, 2008, 60(3/4) : 289-305.

[11] GuoM M, Zhang Y D, Liu SR, Gu F X, Wang X C, Li Z S, Shi C M, Fan Z X. Divergent growth between spruce and fir at alpine treelines on
the east edge of the Tibetan Plateau in response to recent climate warming. Agricultural and Forest Meteorology, 2019, 276 107631.

[12] BA32, SE5030, Wrmls, 2R, i, BRiR2s. BT AUMIRIARIE 1 S0l DA N TDARAR ) A A Ak o B R AE S 24, 2021,
(10) : 3459-3467.

[13] Tumajer J, Altman J, St&panek P, Treml V, Dolezal J, Cienciala E. Increasing moisture limitation of Norway spruce in Central Europe revealed by
forward modelling of tree growth in tree-ring network. Agricultural and Forest Meteorology, 2017, 247 56-64.

(14] EBER, BT, sepsl, Ral, moErT, A, TR RREME SR TR L K 5RO R, A0,
2019, 43(1): 27-36.

[15] Anderson-Teixeira K J, Herrmann V, Rollinson C R, Gonzalez B, Gonzalez-Akre E B, Pederson N, Alexander M R, Allen C D, Alfaro-Sénchez
R, Awada T, Baltzer J L, Baker P J, Birch J D, Bunyavejchewin S, Cherubini P, Davies S J, Dow C, Helcoski R, Kagpar J, Lutz J] A, Margolis
E Q, Maxwell J T, McMahon S M, Piponiot C, Russo S E, Samonil P, Sniderhan A E, Tepley A J, Vasickova I, Vlam M, Zuidema P A. Joint
effects of climate, tree size, and year on annual tree growth derived from tree-ring records of ten globally distributed forests. Global Change Biology,
2022, 28(1) . 245-266.

[16] Tumajer J, Buras A, Camarero J J, Carrer M, Shetti R, Wilmking M, Altman J, Sangiiesa-Barreda G, Lehejéek J. Growing faster, longer or both?
Modelling plastic response of Juniperus communis growth phenology to climate change. Global Ecology and Biogeography, 2021, 30 ( 11):
2229-2244.

[17] Anchukaitis K J, Evans M N, Kaplan A, Vaganov E A, Hughes M K, Grissino-Mayer H D, Cane M A. Forward modeling of regional scale tree-
ring patterns in the southeastern United States and the recent influence of summer drought. Geophysical Research Letters, 2006, 33(4) . 1.04705

[18] Carrasco G, Almeida A C, Falvey M, Olmedo G F, Taylor P, Santibaiiez F, Coops N C. Effects of climate change on forest plantation productivity

http ; //www.ecologica.cn



14

JAE = 45 %

[19]
[20]
[21]

[22]

[23]

[24]
[25]
[26]
[27]

[28]
[29]

[30]
[31]
[32]
[33]

[34]
[35]

[37]
[38]

[39]
[40]

[41]
[42]

[43]
[44]
[45]

in Chile. Global Change Biology, 2022, 28(24) ; 7391-7409.

FIEE, SRR, 78T, 0. 2308 LB T REFIRE A A= X S e A b ma iz . 6 FH AR S 240, 2021, 32(10) : 3715-3723.

XA, GEBE, TR, ZE08 JCHL AR DA FIAR LA BRI 45 18] 43 A A% Jry BBt it S e 2 BE AT Th AR SRl 244, 2007, 15(1) ¢ 5-8.
L, TR—, XIFz, EEA, BOXE, XIGEE, BREm, T8 R4 LR 3 Fher et i e K SR Ak i ma . B AE SR,
2023, 34(5): 1178-1186.

R, BJRK, Rk, #Ru, B, TREUET. Z208 JCHIEAR DM AL ILAAMRTE R 28R ) AR TR &R, RS54k, 2014, 34
(22) : 6489-6500.

R, SEMR, MARAR, PR, BRASZE, BOMSRE, H HE. ZRIRR IR IR R A AR S N AR BT R PR, MOl RS 2015, 51(4)
78-88.

Stokes M A, Smiley T L. An introduction to tree-ring dating. Tucson: University of Arizona Press, 1996.

Bunn A G. A dendrochronology program library in R (dpIR). Dendrochronologia, 2008, 26(2) ; 115-124.

Zang C, Biondi F. Treeclim: an R package for the numerical calibration of proxy-climate relationships. Ecography, 2015, 38(4) ; 431-436.
Zhang L, Ren D, Nan Z T, Wang W Z, Zhao Y, Zhao Y B, Ma Q M, Wu X B. Interpolated or satellite-based precipitation? Implications for
hydrological modeling in a meso-scale mountainous watershed on the Qinghai-Tibet Plateau. Journal of Hydrology, 2020, 583 124629.

WIHF, B0, ZiE, RRIE, XNE, T2 206K 3 I AR EISAR 25 22 SR RF s, shaa=dk, 2016, 71(9) : 1587-1595.

BT, WEEX, B, e, XN, AR—iEh, IS, K4, MROM 8 BEXT 62 B PR ] AR -G R IR A, R BUMOL R 2
. ASRBIFRT, 2024, 48(2) ; 182-190.

JNZR, EIR], ESEIE, VI, sk, 2. RINFIE SRR 0 A K R AR AR A I 5. Mol RE #2024, 60(3) ¢ 45-56.
RS, AT, BT, W, W BV MAaskA: 7= 1 gl 28 B Ak SR ma Rz, B A= 352441k, 2018, 29(2) : 412-420.
JRIRE, ARSL4E, BRIEIE. 55750 PRl G s LG TR (CMIP6 ) WA, SURAE LT EE , 2019, 15(5) : 445-456.

R SC, SRAIF, BB, AP, TK3E. FT CMIP6 (1 [ 3= 2 i X A it SR MK AR 1014 B AR e I iy iR 2B 23R, T2
JiR, 2021, 54(1); 46-57, 81.

XKAH, SRAEAR, SEBT, SRR, REBORGETHIR RUEE T ik a5k Hh kB4 | 2011, 26(8) : 837-847.

Zeng X M, Wei C F, Liu X H, Zhang L N. Qinghai spruce ( Picea crassifolia) and Chinese pine ( Pinus tabuliformis) show high vulnerability and
similar resilience to early-growing-season drought in the Helan Mountains, China. Ecological Indicators, 2020, 110; 105871.

Shishov V V, Tychkov I T, Popkova M I, Tlyin V A, Bryukhanova M V, Kirdyanov A V. VS-oscilloscope: a new tool to parameterize tree radial
growth based on climate conditions. Dendrochronologia, 2016, 39 42-50.

WSy, xHE, BarH, EEUK. KoKZEZFRLMPAREE 58 50 S8 b i me i K P, T 5 IXBFFT, 2023, 40(1) : 19-29.

Anchukaitis K J, Evans M N, Hughes M K, Vaganov E A. An interpreted language implementation of the Vaganov-Shashkin tree-ring proxy system
model. Dendrochronologia, 2020, 60: 125677.

TULHE, RIEMG, Beakae. ZARMA RIRMIAARIMAAA F G E N-P S BSR4, 2022, 42(2) : 732-741.

AR, B, X0, LRI, RSO, WK, Z20e SRS B AK W ZAR bR S AR AR PR R HERUAE VR S k. AR SR, 2017, 37(5) .
1667-1676.

Rk, SKREER], 200, HhEIMR. Z0E KR L3 RALBR S AR AR AE B X SR MERERYSE IR A= 25 2443R , 2014, 34(6) : 1512-1519.

Zheng X F, Gao P X, Zhang S X. The distribution shifts of Pinus armandii and its response to temperature and precipitation in China. Peer],
2017, 5: €3807.

TRk, 0. ZR04 KR 0 XA AAR ) AR 5 S R 1 1 DG R AT . SR IR S SRR, 2016, 11(1) : 52-58.

SKEF, SEFHH, EBE. J/IMBRELRAAR BT AR A AR B 0N K HO AU AR AL R R i 22 5. A= 25254k, 2024, 44(11) ; 4876-4888.
Cabon A, Anderegg W R L. Large volcanic eruptions elucidate physiological controls of tree growth and photosynthesis. Ecology Letters, 2023, 26
(2): 257-267.

http ; //www.ecologica.cn



