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Abstract

Aims As an important part of the ecosystems of Central Asia and the whole world, forest growth dynamics of
the boreal forest in Altai Mountains can affect global thermal radiation, carbon balance and so on. Therefore, it is
crucial to explore the main factors affecting tree radial growth of the boreal forest in Altai Mountains.

Methods We selected Pinus sibirica in Kanas National Nature Reserve of Xinjiang as the target tree species, and
established tree-ring chronology of P. sibirica. To explore the influence of competition and climate on radial
growth of P. sibirica in the Altai Mountains, Xinjiang, we analyzed the relationships among the cumulated basal
area increment (BAI), competition index and climate factors at different time intervals by applying various
methods like linear mixed effect model and correlation analysis.

Important findings The results of the linear mixed effect model showed that: (1) the BAI over the past 30 years
can be best predicted by the sun of competitors’ diameter at breast height (SDBH). (2) Significant positive
correlations were found between the standard chronology, and mean air temperature, mean maximum air
temperature and mean minimum air temperature in March. (3) The highest value of the cumulated BAI was
observed when air temperature was from 0 to 5 °C, and the competition index was below 100. The lowest value of
the cumulative growth occurs when air temperature reaches —10 °C and the competition index exceeds 300. Tree
radial growth of subject trees was influenced by both the diameter at breast height of the competing trees and the
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early growing season air temperature. Competition plays a more important role in affecting radial growth of P,
sibirica than climate factors in this area. Therefore, our results would provide a scientific basis for forest
management of P. sibirica in Kanas National Nature Reserve of Xinjiang.
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MR RGAE R IRBRIE A s 2R E 2N
{EH (Pan et al., 2011). {ENBEMAZS KRG BN
EMEERZ —, RS A R AT RRAE S R
S BN KX B AR B #H 2 & L (Kerhoulas
& Kane, 2012). BIARMERBFHRES KA EEH
B Ay, HAKER T2 3 3 Bt R R B2, ik
252 B 2 AN R I (Kawata, 1997). H,
AARE T TR A KA R ERR . K%
4 BT A6 T7 BRARB AR [ A=K B s K . Tt
FUR IS A b 5 b X P AR R 75 i A
(Larix sibirica)~ PAAAR)I FEHA (Pinus sibirica)~ FX
INFRKA (Pinus sylvestris) B ABRAA A2 4 32 BERN 242
HI A K =S IR A5 (de Grandpré et al., 2011). H4ERH
S5 (2010)5% g 15 b B8 P4 PRI AT 2R 2 1L g 34 P AR R
MU 7& ERA BT FE ORI, WS TE FE S5 6 A 4 Uil B 3 IE
FHIG o Pl A5 AR A SR () B K 3G m, - [ P I b
HIFRIE L X =42 (Picea crassifolia) 142 K HHAE
K, HAFER R A K EITFRH R IN(Gao et al,
2018). AT, BFFTE T IE TR /K Z 1L b AR AR e AT
NP7 i FA BEAT 5SS 2B 7T, PR ) 9%
B K a6 H BK & 2 AR R (T
2. 2015).

WAk, 56 5 2 S M AR AR ) AR K B — AN E
B, FERIEM ARG, LIeE 75
PR 7% (EBURLEE, 2000). HET, B4R T AL
KT ARE KR WS %2019)
T XS N DLW I LL KA (Pinus  koraiensis) 78 & IH,
T IR CERA B 56 AR K 556 F A3 I 7K i 12 ) e
P, TR AEK SRR REWHALE . MIFe
DRV AR F¥A (Pinus sylvestris var. mongolica)lt]
WEFRIN, Se4 02 5 [z AR AR K, [
I AN [ 52 4 ) BB A 6 =i [R5 1) g . A 22 S
(Kwon et al., 2019). Jb7h, BFFCIERIL, 1EHKER
PRI X I FE I LLAA AR T, KRR AR )42 A AR K 3
BIZ I R 2R BRI, MR AR AR A AR K E
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LR B8 S H R (R RTRI 06, 2017)

RAEHFTCARTTRE 1A AR, e SRS
) A HIRIT AT, T HR LK SR 2 ) L AR A2 )
AR B E, (R B A AR T ) 5 4 P R
SO AR A (E5E S AR TR AR A
KATFNS TTRRE IFANE2E, B R 28 L A R 3 Tt
AR AAR ) AR A IR T B PR A PR 5 IE AN T Bf . AT,
BB 2R Z8 L PE AR AR T B AR AR [ A A 5 AU
TEEFR R MW TR AR WARIE .

VAR ) S0 LA FA R 2R 2 L A6 T ARAR R 2 B Ao
Z—, HAKKEHEZ MRS TBRZ L AL 77 AR
VeSS B EEREWIER . ASCEEESMETTH
LA R S SRR TV, AL TR TT R R AR R,
I 54> F2 B R SO SC A, o3 B S T
BRI TUB AR AR [ AR A 2 BB BR A P 5 i
THERETT H E RSB 058 5 18 AU LA RN 1) ROEE ()
REWHAERKE, SBABRREMENTE M5
Py ISR BT . TR 584 5 Tk
X PE AR A TR AR ) A A AR ARDR Dok,
SEZM PR ) A2 B R A R . T
B FHE 7R R 230 X PO AR A S T B A B AR A K L
i, 92 DX St SN AR AR AT 2 AR B Mt g
PRL AR -

1 wrRlFnE A

11 WX

AFF 50 DX A7 T i o) 850y 2 b DX AL SR 7R 22 L (X
Wy 07 1R X 9 SRR X, TG TR G TR BR BT 2K 2 L
ik LB Ze SREHE w dH . R e, ARAE
12 X T R IR A KB R, AT HIg
K. FRXETFHSRE-02 C, fFEE/KEL 0654 mm
(N4, 2019). HIEEBDLLHAR EE AR L, &
WA SN T REER I %1, FEARIX A
AR, HJR, AR 2 EE SR BT
Lyt B b 7 bR Ay 7 R ) L AR R,
EATHARNEE A FIEFINE A2 (Picea obovata)-
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PEAARIE F 8T P FPE AR 242 (Abies  sibirica)%
AR, 2019).
1.2 HEARE

PEAA R FLE AL B, 4% SPEARIEA A
PEARRE 2 A2 S5 R BGR AE AR (de Grandpré et al.,
2011). 20174E7H T 5T 1X (48.73° N, 87.03° E)ifF4k
1 384 mi¥Ifr B 1RTR AT AR (IR 500 b A 78 A ) F
FAYHIEEL T —AMFEHL, /N 20 m x 30 m, #F
HUFT A A AR E 5183 m, “FHIMN4%£17.7 cm.
BEH S A S B N1 1838k -hm >, BR T PEAA R 11
BT, FEHLNIEE PEAARDE I FA . BB (Betula
pendula) &AM TR, FEHUYE R 0 7E, IR
TR ER AR L, AR DRI AR R EL A
Fo FEHL AR R 3MR H bR, AR K HELE R R A
AL (B 71.3 mAh) INSFAT T B A2 35 T (0 5 AN A
5] 77 100 S B B — SRR, 3 T SR A8 oy ] 5K
s, WA R IR, SR
13 KRR

ST R A S5 O R B SR R
(http://data.cma.cn/site/index.html), [E XKL & uig
EELIRT S 534 (48.05° N, 86.35° E). A A brtudE A °F
BRI~ AP SR SR Tin) » A PY SRR
(Trax)~ HBEKEP)FEED), HdEKIEN1958-2017
o BRMEHIRSS, EIERET E—H8-12H M ik
SAFEFRARE BT B

25 -30
A,

I A/ | m ] | —_
’E‘ 20 - Al T —/ 420 O
£ RN :
g 7 | * e \A g
g 15+ | 110 g
= w9 L] <9
E " g
& 10F Al 19 <2
5 N
R o
& 5|, TR

o ]
[ e |
]
0 , 1 1 1 1 1 1 1 1 1 1 L 720
1 2 3 4 5 6 7 8 9 10 11 12
A 4/ Month
ARk E P = HSE T
o A PER IR Toee o A FHRIEKIE T

Bl HrsEpT/RZ L T IX 1958201748 H S UR HTF
BRARAR AP RS IR A K B R E S

Fig. 1 Variation trend of monthly mean air temperature (7),
monthly mean minimum air temperature (7y,;,), monthly mean
maximum temperature (7},,) and monthly precipitation (P) in the
research area of Altai Mountains, Xinjiang from 1958 to 2017.

14 FTHIEHW

PABERR H bRk A bt K484 mi B A 1)
T SEARAE 56 G b, D I 10 SR T A B 1) i 4%
(Zou et al., 2015). FIHARXIHE LR35 4L
FHRZEAE H ARP 32 3] 1) 55 5+ 58 B2 (Stadt et al., 2007).
WAETES M EWN, Hh-hm?). 584 I (SDBH,
m-hm %) . 5% 4+ B [ = U 0 A RT (SBA, m®-hm )
(Huang et al., 2013). HARFEFFEEA X N:

_my k
CI = ZZ(DBH_ )
j=1

K, CERIRTESHREL; AR IR SE S BT TE 1 X 3k T
I, AT ARIE N0.005; ndos ve G I AMARSL
JRINTEG WIS, DBHAR N5k 56 W IR i 42
IEFE R E, tHE N =0, (FHSDBHW k=1, it
HSBAW k=2

N7z LA HBR e, 124 mis [N T A 5L
KGESFHN I E; SDBHAE %0 B W T A ST
B, RAETE W EIRLANFE RS SBAR XN FTH
ST A D R g T T R 2 RN, AT b b T AR 4D I g B T
TR AR DA B AR PRAF B . 3 3 S 4B K0T v
ARIRE— @V A, BARAMERT IR, B FRaE 5T
VSR R
15 HFFREM

REMIMEFCFEARTELIG AL . T, 71
PEAEAL PR S, ) FHAR A0 & L A 23 LinTab i 48 58
5 & AX % e & TSAP %% 14 (LinTab 6.0, Frank
Rinntech, Heidelberg, Germany)ill & 58 % 5 (% 5
2590.001 mm). KA BV EE . B3 EEFE T
XX EF, HE®T RN Em, HFEH
COFFECHA P2 7> 4o I 52 S 4F 1 A A B2 DA S ik 2K
KT B AT FE % (Holmes, 1983). 38 i ARSTANFE /7,
iz FHA R AT S 50% R~F- 18 4% BR80T 2 i b
TH, VBRI SRS R BT ] R B AR A KB,
TERRRE SRR HESE R (STD)(Cook, 1985). [HI, N
TEIFHPHE RN E, R TS S8, A
SP3BUBRE (MS) FEAS A G R B (rbar)« 5 8 LL(SNR)
DA AR AR R R 2 (EPS) -
1.6 HIEMEKE

10 I B PR A S R R B SR AR, ds IR
HF I “dpIR” L (Bunn, 2008), 15 H AxH ) Wr i AL 4
K&E(BAD. [FIEF, 2 vk B AR AN [F ) fa] 6]
B(5~ 10+ 15, 20+ 25, 304F) ) R AR A K & .
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1.7 BIESH

BT H AR BE B R HER AWK, E S
S G2 R AR S 4 R R e . DR, 2T
() 5 G 8 250nT T B RUCAS [R] B 8] [0 B 1) H AR 42 1)
A o KA TR a] 7] R ) W7 T AR AR B AR DR AR
SR BE N B AR E, H bR B4R (DBH) K /N
(DBH > 30 cm N KRS, R N/NMMEF)IERBENL
RN, da FHEMEIR A S A (LMM), 147 B A 41
Hro HRIRRIT:

BAI =a+bxCl +¢
K, CERIRTES RS afbE [ 2 N & AEBEAL
BN o B TR B RS AL R P A “nlme” 0 1E 47
P& o 8 FH“MuMIn”fl(Barton, 2009)it5R> (I 7
RERGEAER)HEATREREAN .

IZHIR “treeclim™fl(Zang & Biondi, 2015)%4EFE
555 R T 2 8] ff)Pearson & AT 34T, 1ZpREUR
PR R G R BB TH R SR ¢ R 3L,
[ i EBootstrap B R AE AT HH AT E MR IR 45 R .

2 LR

21 FRREFIEBFHE

BT AR R A ERIRHEE, Fik, A5
THERI A FEAA R TUET P R AR E R SR HE (R D .
SRR IR, HERKE N2094E(1808-2017) . MSHO.19,
Wi BH PEAA RS A Xoh 12 DX sk . o,
BRI HE X [F] N 1958-20174F, 4E 3% (KA e
Z£780.30, FrAER 2 2 I WO FE AR 3R BT AL B SRS
BEZDMSHS8(FRE55%, 2011), UWEHFEERG
TR EEREZ . IAh, FRIISNRIEK, £
BAER A T o RS G B R EK . FEA SRR
B R A M0.93, 32 5 T-0.85 I S (Wigley et
al., 1984), Ui HIREMFEA R DRGSR S

FL SR R 28 L PO AL AT A BORRAE AP 3R 1 TR E S 4

PRAFAE o

B ERM . SESRIIDBHR N A, 1R
o H B A 3 S P R B(K2) . TERW I AR
8001 800%k-hm > [, e, 95 H AR I & &
N1 800%k-hm >, SDBH/} i #£69.8-369.4 m-hm >
6], Her25 H bR AOE B N369.4 mhm 2, 6. 135
HARR B ISIE T 100 mhm ™. 25 HArh 1SBAR:
EN97.5 mhm 2, 6. 135 H ARAH ARG BHIK .
22 BE5RTMEREKENXER

SXof A [ e ) ¥ 5% £y B2 BRI T R A K AN [T
To IR AT LR MR A RN A R B, AR LR
3. ZEREH, FE15. 200 25, 304FEA BRI
AR R 5SRO RR . Hodh, SDBHS B
FAWT AR KB MLA S8R . 1 2304 1) 2
W7 T B AE K R 5 SDBH 2 1] RS 7R 400 & R SR e A,
HH I RR L 50.22, %1HR*H0.62.
23 SREMHAREZEREKAZM

IS AR R R B AR R S SR (A
FEIX [ 1959-2017) AR < 40 #1, 45K, WAR
A K5 M43 H 1A = 0.32, p < 0.05) F
BIfE SR (r = 0.30, p < 0.05). “FHRIKSEC =
0.33, p < 0.05)¥ 2 B3 IEFR KR (HFERHEZI,
W 7T X B /K S AR AR A K 2 TR 3% 2 M
KR F(E2).
24 BEHE55EFNEEER

WEFLRIN, SDBHS3 H A2 52 M A A2 )
ARKENEERE. @idSDBH. 3HKR. &
AR R Z O REAT AL S il TR (1) 25
RE3)ER, REAKERSEBUAESES C,
TR BT 100/ . BAFEAE KB RN, <R
IEF-10 C, e 7300, KRB E,
TegH RO, REAKERK. 4SRN

Tablel Main characteristic parameters of the standard chronology of Pinus sibirica in Altai Mountains, Xinjiang

ERKHE PP U it i 22 FEAHISE R (EL 154 FEA SRR
Chronology length Mean sensitivity ~ Standard deviation ~ Correlation coefficient for all series ~ Signal-to-noise ratio ~ Expressed population signal
1808-2017 0.19 0.30 0.24 13.30 0.93

2 HIEBTRZE L VAR A TR SE S TR B IE S5

Table2 Characteristic parameters of competitive indices of Pinus sibirica in Altai Mountains, Xinjiang

5435 B (KR -hm ) N (individual-hm ?)

4P SDBH (m-hm )

554 G BT T BRURT SBA (m®-hm™)

KM Max  PYJE Mean  H/ME Min - fKfH Max

“FH41H Mean

f/ME Min BORfE Max PIMH Mean  H/ME Min

1800 1153 800 369.4

69.8 97.5 413 10.8

N, density of competitors; SBA, sum of competitors’ stand basal area; SDBH, sum of competitors’ diameter at breast height.
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3 HEEPT R L PEATRIE T AL SE S AR S BT A AE K B 4
PEVR A AR R 25

Table 3 Results of the linear mixed-effects models of competitive indices
and cumulated basal area increments of Pinus sibirica in Altai Mountains,
Xinjiang

BN  RA GHE IR
Time Competition a b Marginal ~Conditional
interval (a) indices R’ R
5 N 0.098 3 0.000 0 0.09 0.59
SDBH 0.0829 —0.000 1 0.12 0.6
SBA 0.0720 -0.000 4 0.08 0.52
10 N 0.2045 -0.000 1 0.12 0.57
SDBH 0.1691 —0.0003 0.16 0.59
SBA 0.1450 -0.000 9 0.11 0.49
15 N 0.3281 —0.000 1 0.15 0.58
SDBH 0.2657 —0.0005 0.20 0.60
SBA 02267 -0.0014 0.14 0.49
20 N 0.4090 —0.0002 0.13 0.52
SDBH 0.3386 -0.0006 0.18 0.55
SBA 0.2906 —0.0019 0.13 0.46
25 N 0.4862 —0.0002 0.13 0.51
SDBH 0.4049 -0.0007 0.18 0.54
SBA 0.3494 —0.0022 0.14 0.45
30 N 0.578 1  —0.0002 0.15 0.47
SDBH 0.4847 -0.0009 0.22 0.62
SBA 04165 -0.002 8 0.17 0.41

av b, WA BN A E RO S H . RS 53 G ROR I IR S R
WRTGER N, TEPWE L SBA, S W i Wiii AN, SDBH, 54 W il
(IR

a, b, fixed effect parameters in the mixed effect model. Bold parts are the results
of mixed effect model with good fitting effect. N, density of competitors;
SBA, sum of competitors’ stand basal area; SDBH, sum of competitors’
diameter at breast height.

04

0.2

FHEZ S Correlation coefficients

P8 p9plopllpl2 1 2 3 4 5 6 7 8 9
H Month
OP OT BT, BT,

B2 PHAAAE OB FA B 58 98 A 2R 5 A SR B 7 B 9%
o p8—pl2FoR L—4E8-12A1. P AFKE; T AT
W T A PR, T, H PRI *, p<0.05,

Fig. 2 Correlation between ring width chronology of Pinus
sibirica and monthly climate factors. p§—p12 represents August to
December of the previous year. P, monthly precipitation; 7, monthly
mean air temperature; 7},.., monthly mean maximum air tem-
perature; Ty, monthly mean minimum air temperature. * p <0.05.

T2000F, SRARE A BE R ) Th R M0 . RS
WgERFRI, R =021, p<0.05, BAHLA RERELF .

0.006
0.007
0.008
0.009
0.010
0.011
0.012
0.013
0.014
0.015
0.016

s Kl BAI ()

E3 CHrmEpURE LT AR R REAKES SR, %
FHREIR R

Fig. 3 Relationship between cumulated basal area increments
(BAI) of Pinus sibirica in Altai Mountains, Xinjiang and air
temperature (7) and competition index (CI).

3 g
31 ZEHEIIWARLEKAFN

S5 RELW], IRA BN £ 15-304F 1)
BRORELF . %45 RS HAl X IR R R 45 R 2 A —
k. BRI, A E AT X 1 EE A (Pinus
massoniana) (M)A K T AE 15-255F 1 5 5% 4 F5 Z 4
ARRELF, b, dR20ENAEKE SR
(IR R & fe £ (Liang ef al., 2019). EINEEK PGS
(RIRIE 7T A 2R AR S5 2R, B 0 R B X I8 1L
(Populus tremuloides) ] £ K & 7E 1T 2510254 R
b 5SS R BUA BB & BUR B Al (Huang et al.,
2013)0 AHIFFT P VAR RV TR 2 WG BT AR 32
BB, HAKEGR4009 0 B, FrAK
A IATES0-1204F, HEARAE K& i A H ILAE90
T, B AR A K I AT SO 2 AR K 27 18 1T (12 37 3R AN
BN, 1993). FE15-30FXANX AP, FEfEAF] I
EERA N AR AR 3, IC A AEM I B B B, B IR A
BB AR (EHER AR, 1993). LA
WEFRRY], HERW AR Z0BROR, o 58 4+ 1 UK
22K (Gomez-Aparicio et al., 2011). K, 15-304F
(R A AR ) A B0 T 55 A o B R R BBURR A

B R Y G 250 A B () B[R] X TE] (15-30 4F),
SDBH* T AR RAFEA K E R G &, W
ARURINIE T A28 ) AR K 52 30) 5 P AR 400 ) 2. 35 52
SDBH W] LA 7R AE — 5E 5 [l N 56 4 60 A2 K BRI
FIAHFRRE, BFEeiE . LIRS oE. MAm
SREE Z 3R, A B TR A A Kl 7
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SRR T DU R R AR AT e AR R, e A
FITHENFROF R FR, AN T HREELK
FRIR, oA KRR ) AR KA A B A X AR K BRI
FHAZ BE 0 228 i A2 4k (5 &, 2016) . T fE IS 2%
15-304E (8], SDBHURZ A4 K& EEREm K 1.
XA REAE T AR E B AR A, T4t 7EBE
2K, Wi 2 (A &R XE SE 1035 4 IR 71 (Liang
etal., 2019).
32 WAREZEEE KRG SIEETF

75 EL IS 21 Fa A A 12 ) A K £ A2 3103 A 1y
SIRPIEEER, 1X—45 R 5 RIEE g0 5 R4 X I
JE BT PEAR RN T A 42 1) AR K 5 S0 R 20 &R
FU 45 B —F(Shah, 2019). {H 5B /R 22t HoA X 350
TR RA—5 B RZR L B PR AR R U
S5 R AR B, 6 H 4 SRR AR AR A K
i B 4F H (Kharuk er al., 2009; Nikolaeva et al.,
2015). TEARZ Wi o B R 2211 O 0 R B0, PEAA R
W TLEFA IR AR AR ) A K 2 33 A oK ERTH
AR B R i (R 125, 2020) . 8 BRI 7T 45 A —
S R PR AT R N SARAE 1) 2E SF AT S B0 . TR
Z2 1l T A R S A e R R RS, bk
WE 2, HEgdumm =% 2 58K (Sidorova et
al., 2011; Zhang et al., 2018). AHF 7T XA T [
B BT R 28 L X 8k, & TR R 22 L B B, B
ik, SR DX R NS 5 HAR X S A AR 2 7o 3
HIEEREZFT, AWAKRAEKZEFIE, a7
XA HZME, LIRS, AR FRAR R 1%
W5 iE3h . Bk, ST A R T AR, RS
BT A A, AN PR AR 246 kAR BEE 3,
HBEMR R AR AR K (T KM%, 2005).

PN = 3 M § 2 P S O T s - AL i)
REFAEKNEER K. BRI ARE A0
AREMAEKFEZH F—F7H 2 4F6H X124 H
P 7K BRI (Chen et al., 2014). 5 5% 445 P B
IRZR AT R I, AR =B 7K 1Y m ot 75 4 1) I % 1
FA B 1A AR KA B B A2 12 4 F (Dulamsuren et al.,
2014) AN[ET B 78 DX S He b, PEAET AR T4t
FA IR AL 1) AR K FE AR 2 BIK 3 B o J5 BRI T
AFELLF AN Ho—, BF 7 XS B K B A,
TR TR, PR AR A KA 5 2 B B
KR . e PEAAFIE T AT FA B T IR R U
P, B ) A AR P e T L2 B K A3 (e PR A
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FANB 2. (FR 81158, 2020).
33 Z=HES55EMER

AR - 3 LI I s e AR AR R B SR s e
BAEK, 764 32 B I R AR A AR K R IR
R R AR K&, H IR AR AR K=
B, HE AR, SRR SRS
T0 CHf, B AR50, MAREKEHE
Frim . ATREE T YRR TE B AR, SE44E
Bogg, WARAERT LIRS 2 A K BEE. At
FRAMATE R E SR W, et M1
PR« BRI R R AR 4 1 2 3 T RO R G PR
Z2013). 104U T0 CH, Te4 4850/
HERENARERKERE BT YRS HRELTER
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