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Abstract: [Objective] This study aimed to investigate the effects of neighboring tree diversity and forest
competition intensity on the tree growth in natural spruce-fir forests, providing a scientific basis for the
structure management of spruce-fir forests. [Method] Data from two fixed-sample surveys of a natural
spruce-fir forest in Changbai Mountain of northeastern China in 2015 and 2018 were used to analyze the
relationship between neighboring tree diversity, competition, and tree growth by a structural equation model.
[Result] (1) The neighboring tree diversity indexes for species, diameter classes, and tree height of the
natural spruce-fir forests in the study area were all around 1.04. It indicated an overall even distribution of
these three indexes, high degree of species mixture, and complex stand structure. (2) The total impact
coefficients for species, diameter-classe, tree-height neighboring tree diversity indexes and the competition
index on volume increment in the model were —0.001, 0.166, 0.073 and —0.489, respectively. It indicated
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that competition was the key factor affecting tree growth. (3) The increases in diameter-class and tree-height

diversities both had positive effects on tree growth, with a direct effect of diameter-class diversity, and an

indirect effect of tree-height diversity. The species diversity had a directly negative effect and an indirectly

positive effect, exhibiting an overall negative effect. The increase of species diversity reduced competition

intensity of trees in a stand, while the increase of tree-height diversity might lead to a differentiation of stand

structure, which further promoted the growth of individual trees in a stand. (4) Growth pressure of trees in

the research area may mainly come from trees of the same diameter-class. Small-diameter trees had poorer

growth conditions and greater competition pressure, while large-diameter and medium-diameter trees were

opposite. [Conclusion] Selective cutting of the trees within the same or similar diameter-classes, and

improving the level of diameter-classe and tree-height diversity within a stand, can reduce the competition

level, promote individual tree growth, and enhance the productivity of spruce-fir stands.

Key words: forestry management; logging; structural equation model; neighboring tree diversity index;

competition; tree growth
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Tab. 1 Tree growth status in the stand

Al B R/ (B -hm ™)

Tree species

TR

Density/(tree-ha’) Average DBH/cm Average height/m Average volume/(m’-ha™")

SFIMBUE K E/(m* hm ™)
Average volume
increment/(m*-ha™)

P SERMAY(m* hm™)

KLV K2 Abies nephrolepis 458 16.5

#1655 7242 Picea jezoensis

2Lz A2 Picea koraiensis 150 19.9
21K Pinus koraiensis 95 20.9
LM Tilia amurensis 113 11.7
H MW Acer tegmentosum 108 9.9
WK Betula costata 155 10.8
1M Betula platyphylla 56 17.3
AEHEDR Acer ukurunduense 33 7.9
KM Acer pictum 25 12.6
15 BE Phellodendron amurense 4 15.2
F#% Populus cathayana 3 15.6
KM Fraxinus mandshurica 2 7.0
it ik Quercus mongolica 1 10.2
F iy Ulmus japonica 1 5.5
HAth Others 86 9.8

il a8 {E Total or average 1290 14.8

11.5 0.19 0.011
12.1 0.29 0.015
12.0 0.33 0.013
9.8 0.09 0.005
9.9 0.11 0.008
11.3 0.07 0.006
13.2 0.18 0.018
8.8 0.05 0.004
11.1 0.09 0.005
11.8 0.11 0.011
12.5 0.14 0.042
7.1 0.02 0.001
8.8 0.04 0.006
7.8 0.01 0.002
10.1 0.06 0.004
11.2 0.17 0.010
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Fig. 1 Diameter distribution of spruce-fir stands
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Tab. 2 Individual tree competition index

$E2L Index 723\ Formula 1t ] Remark
Hegyi s 415 514 Di WX RAIIE, DRI, Dij A ARG Z (B EE RS, o 4Rik

AREE, n=3
D; is DBH of subject tree i, D; is DBH of neighbouring tree j, and D;; is distance
between subject tree and neighbouring tree, n is number of neighbouring tree, n =3

Hegyi competition index
(€D

Cl; = Zm (E . DT-)

W e P55 T AR 38 4 Fia 4
Crown cross-sectional

n (C; 1
o BDC; = Z[:l (a ' E)
competition index (BDC) J

tree

i TE AR R
Crown competition index

(CC Hiowi

Ci X GARIIBE IR, C; AR AR 7 1% 7 THI AR

Ci; is projected crown area of subject tree and C is projected crown area of neighbouring

o H ok ARG, H A MR, W, Ak GOk B4 i 0, W) AR A
o=y (iw] TR
i=1

H; is height of subject tree, H is height of neighbouring tree, W; is average crown radius

of subject tree, W; is average crown radius of neighbouring tree
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Xob 25 WM AR 5 34T Spearman AHICME T (K 5D,
Fra IR BN Z AR S A K BB E AL,
PEFRAR 1 AR VER B S AE KA A B . R 5

®3 BRSFEHHSET

Tab. 3 Statistics of each competition index

TR wR/ME = ON1 FEIE £ bR ARMEZE BRMEUERCFIME £ ARER ARHERL)E AR
Competition index Min. value Max. value Mean + SE SD Standardized mean + SE Standardized SD
CCI 0 11.321 2.965 + 0.066 1.673 0.262 + 0.006 0.148
BDC 0.055 221.545 9.382+0.793 0.564 0.038 + 0.004 0.091
CI 0.187 168.515 6.391 £ 0.544 13.825 0.038 + 0.003 0.082

R4 BEFWVERSHEREY. TFEHSEKESIT

Tab. 4 Diversity index, competition index, and growth statistics of neighboring trees at different diameter levels

(o

]

= B Fip . %
. AR K S A KR % L % &
o b MPUERE  MBUEKE  poigen  seebbgn serg A
. Volume Volume . . . Competition
Diameter class Index . 3 Diameter-class Species Tree-height .
increment/m growth rate L L Lo index
diversity index diversity index diversity index
W + brvEiR
L + bkt 0.009 £0.001 (4.592+0.154)% 1.114+0.015 0.873+0.021 0.981+0.013 9.016 + 0.662
Mean + SE
IMER b
Small-diameter class " - 0.016 0.029 0275 0382 0.324 15.207
(5cm < DBH <13 cm) ;a;ﬁd;r;&dewanon
Coefficient of variation/% 177.778 63.181 24.686 43.757 33.028 168.680
YIME + PRtz
1\:[]221 i*/séﬁl? 0.041 +£0.002 (6.046+0.155)% 1.197£0.016 0.884 +0.024 1.004 +0.020 2.864 + 0.266
i e 22
Medium-diameter class Stand:rd deviation 0.033 0.024 0.236 0.343 0.288 4.822
(13 cm < DBH <25 cm) -
BT AR
Coefficient of variation/% 80.488 39.670 19.716 38.801 28.685 168.390
WME + bR
A = bRk iR 0.081 +£0.004 (5.379+0.167)% 1.252+0.034 0.921+0.031 1.056+0.024 1.064+0.112
Y Mean + SE
" b
Large-diameter class R 2 - 0.041 0.017 0.314 0.357 0.258 1.339
(DBH = 25 cm) i;a;d;r;& deviation
7 50.617 31.604 25.080 38.762 24.432 125.820

Coefficient of variation/%
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AV Ag cCI
Ay 100 . ok .
Ag 087 1.00 ok .

CCl -033  —037 1.00 .
1 058 055 0.72

BDC 049 = 047 0.63 0.82
Hy  0.19 0.20 -0.04  —0.12
Hy 001 0.03 -0.13  —0.19
H, —0.05 0.01 -0.14 | -0.12

AV. R KR Ag = Wi AR AR K Hy

Ro 2R E H AR 2 FETEIR G H W 2 FEE IR 2L
X, ¥R AE P <0.01 KF LEFAHK. AV, volume increment; Ag, basal area increment; Hy, diameter class diversity index;

AR REL
Correlation
DC H, Hy H, coefficient
1.0
Hkk
0.8
KKk 06
. ok *kk 0.4
F 0.2
& dekok sk
o
1.00 *k *kk sk
-0.2
=0.11 1.00 Hokok o 04
-0.18 0.17 1.00 Hokok -0.6
-0.8
—0.11 0.10 0.15 1.00
-1.0

= RIE P <0.05 KF ERFEM

H,, tree species

diversity index; Hj, tree height diversity index. ** represents significant correlation at P < 0.05 level, *** represents significant correlation at P <

0.01 level.
5 B4 & Spearman FHISPE
Fig. 5 Spearman correlations for each observed variable
x5 FERRBRMYEREER
Tab.5 Results of reliability and validity tests
B R AR TS R A KMOH BartlettER JE A4
Latent variable Number of explicit variable Cronbach’s alpha coefficient KMO test Bartlett’s sphericity test
Z 1 Diversity 3 0.297 0.516 0
354+ Competition 3 0.874 0.712 0
A KA Growth 2 0.876 0.500 0
BN EAIREBCR I R AF, w IR RECN 0874, REWE 6 PR,

KMO 14 0.712, Bartlett ERFEAG 5645 54 0, it (5
FEEMERR. TR T ER REN
0.297, KMO {& 4 0.516, Bartlett 3R 46 46 45 -l 0,
BRI AE AT ES, (H R ARl (5 FEAL SR, AT EEMEAS
B, FEHATHA . B KR IE R RECN 0.876,
KMO {# 4 0.500, Bartlett ERFEAG 36 45 F 4 0, I (5
FERT IS, (HR AT 0 4 A 2, B A K
IR ¥~ 5 A K B DR 4 il ok =6 B 43 T 1B AT R 4
RIN CT X} 5% 4 IR - B i R 2808 82.19%, MR AE K
B A K R T R R IL 84.74%, NILEEA % G
e M B AR 2 o (1B AR &, DA CLARR e 4+ [H 1,
%Hité%ﬁi%i&%l%iﬁﬁﬁﬁ@ﬁm E*E%EE-S
R EAREE IE, MIBRA B35 1 %42 28 Rtk

BIEJE R 2 W HEMEZR A 0.230, /df H
1.442, RMSE 4 0.026, NFI. RFI #l TLI %3 %] N N
0.996+ 0.958 i1 0.987, A&7 5 W I E A &L, 275 0T
MBI G AR R U o
232 AREAR B AL SE ST A K H R

gh 4 7 FEEE R (B 6) 5 2548 Bk 43 I 1) 0 B
(R OFLLFEH, %55 % 2 FE R EII XM
AR AR, R P B AR R A @ T R
5 o 5 4 AR Fh 2 8 1 5 A B AE K 2 I H F A
5%, Tt BH B 5 5 4 00 0 0 B AR b 22 R 0 $E
AR AEK B S22 . B2 R 25
PSR A K 2BUEA G . WK 6 7 A5 4
AR K B LR I R N -0.489, B AR B
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B R

Diameter class diversity

0.164

0.153

W2 R

Tree species diversity

g
Competition
()]
o0
<
T
0, 25 0.264
El o
Growth
Q
S
o

ISEZ:2ed
Tree height diversity

SE A KEA EMBT N §RER SRR § Sk B RBEE AT R R AR R e ~ es 20 VAR R ZEAS BRI 12 22 . Numbers

in the upper right corner of competition and growth quantities are their variance; arrows indicate influence relationships; data on the arrows are

corresponding path coefficients; e; to es are measurement errors of corresponding observed variables, respectively.
Ko Sty FEsiE bt K
Fig. 6 Structural equation model correction path diagram

Fo BIEBEREEERERA., BN RN RIS

Tab. 6 Direct, indirect and total effects and fitness between index pathways

AR R ELIER I R4 IEES-AILES IS ZULES 4 PlE

Causality of variables Direct impact coefficient Indirect effect coefficient Total impact coefficient P value
A e
AR SRS iy -0.250 0 -0.250 <0.001
Tree species diversity—Competition
EEZ et
Tree height diversity— Competition ~0.150 0 ~0.150 <0.001
K
Competition—Growth —0.489 0 —0.489 <0.001
M E R4 K E
Diameter class diversity—Growth 0.166 0 0.166 <0.001
il i 22 R e KB
AR SR LK -0.123 0.122 -0.001 <0.001
Tree species diversity—Growth
b} 1 22 B K&
P SR 0 0.073 0.073 <0.001

Tree height diversity—Growth

T " RORF, §7 kTR AR — AT 5 —ANE T RIS IS R . Notes: “—” indicates impact, pointing of arrow represents the relationship of

a factor to the influence of another factor.

Z R AR K2 S R £ 29 -0.001. 0.166+
0.073. HI AT A05% 450 A AR KB I SE i fe K,
N ST R A ed- A N e 2 i)
A KB ISR A ELAE R, N 2 R AR K
BATCONZE W W2 RN R AE, B
i 25 SR AH B, o AR K B BB LTS W, B R AL
9-0.123, T AEIE IS 36 4 5 A K E 2 R LA
T 210, 520 A 0.122.
233 ARERELNREZRBARERF S5 A KR
e ARt S o Ll PSR R N A
AR REURE AT 2R, B, iRYE S
V) &5 44 B0 P B ABIE AR R R NG AN [ AR 0 R
Ry HERKGE, &RWNE 7. BET SRR
JE R AT AR AR I3 I, /NR R K Bl 52 56 4 T 7

B, R RS A N, (0 A KA BT SR
AR AR A TE 2B I A DA /NS 2 0N =8 B 25 T 4% B o
s T KA ARATE 11 R /N3 G bR B 3R 300 B
UF o WEICIX N IR R A 52 4 D7 0K, AR KRB
B, T KA BT 2 564 T BEARERN, AR
KRB R AT o MRAHI AR 77T e 2 U5 T R 42 41 5%
G, MR AR KBRS TE T I DA TR AR bR O S B 3
I AE
3 3t ®
3.1 EHEIIRAREKIHIE

s RS SRR K 2 B35

TAAIRK AR, B TE 50 B3N, AR BAEKIZ
WA gz, 5 H AT IUSE 1 — B SEHT It st
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Tab. 7 Competition and growth status of neighbouring tree diameter distribution of subject trees of different diameter classes

RISl NG i e

. . febr
Diameter class distribution

Index

of neighboring tree

KR ARIZ K Diameter class of subject tree

354+ Competition

A Total M4 K & Volume increment/m’
MAE K ZE Volume growth rate/%
&4+ Competition

L NINMER AR

All small class diameter tree

AR K% Volume growth rate/%

354+ Competition

NMEGMAT

Small diameter class tree predominant

MAAKZ Volume growth rate/%

354 Competition
RAEGMAS L

Large diameter class tree predominant

MAA K Z Volume growth rate/%

MK B Volume increment/m®

MEUE K & Volume increment/m?

MK & Volume increment/m®

IMEH it 2k PN
Small-diameter class Medium-diameter class Large-diameter class
9.902 +0.938 2.572 +£0.283 1.106 +0.131
0.009 £+ 0.001 0.041 £ 0.002 0.081 +0.004
4.589+0.151 6.049 £0.157 5.377+0.181
14.668 + 2.665 2.391 +£0.796 1.232 +0.386
0.009 + 0.001 0.041 + 0.005 0.082 +0.074
5.461 +0.388 6.109 + 0.541 5.687 +0.345
10.484 +1.122 2.296 + 0.003 1.025 + 0.004
0.009 +0.001 0.042 + 0.003 0.081 +0.005
4.827+0.239 6.213 +£0.259 5.277+0.354
7.264 +0.946 3.136 +£0.531 1.471 +0.038
0.010 + 0.002 0.038 = 0.004 0.079+0.011
4.183+0.219 5.877+0.219 5.461 +0.235

Rk K ZAE T304 B FEVE B LR Z TR AR A
KRB R, AR 857 fedt— 2k, 5
2 FF PR AR EE S8 4 B A AR A A R R M 5 5, 15
FEATIE FETE B, S22 S M R KO H [ R

R A T £ 558 25 56 2 AR AR K0 B 48 T v 9 55 9
T RUE, RIRGR AT 3256 4 I 180N, FHR
KEREFES T PMEFWAR PMMEFR AR TES )
] RE ORI T RAR O AR, 3K AT RE 2 BN
BPMAD B G, B EROR, AT 5
AR, AT T A AR A . (E B2 SR R AR AR
AR IE R AR AT T A AT BE 2 0 TT XA 1
LSRR SR SRR T PRy AN ey NI REY 7 IEAR )
DN TS FFARE A, 4l B AT LA 52 6K 95 i AR A 3550,
WET DA R8O % B v /N E AT AR R EE ALK
PR F 70 /N 5 CADR B AT PR /N A2 AR AR T )
SEAIE T, BT

FESE KBRS E I = K2 R IR MR, AME bR
ARHCE b EOROK, 22 3] 52 3 B G HUSE 4 0 RN ik
A RFRYE, WTREIETE R IR AR 7 N e R R,
11174 B B 0 (A LA 8 4 BN R AR HERRAE 4L - B
25 () G5 A4 BT N Rl TS5 58 SRR 30T DAAE — e RE S
TR GR R BUNIZ T E A TG T AR 8] A
XL, AR — R b S R NR R R T
SEEHE IR AN o

WEFCR IR AP AR TE 2R 5) 52 IR AR
SEEIIRZ, T BE A BT ORAR GO AR P o A S AL B
FEBCR, WIRI R BEIEE 2, SE4+RE 1 0, 27 )

BRI, PR AN 5 52 /N R 2 e, T 2 22 5 A
AR GARAR AT Te 4 o [RIETT DLSG R A ORI
ZER AR R ARASR, D> 55+ 5 7, 2wtk o4
A
3.2 ZHEFMEXNRARERKKIN

KT R Z RN G HRARMBVEK KR, ANFH
SHAH T AFEMSE . Versace ZE2 I 78 R BLAR
53 HP Tl 22 AR R AR A B IR AR K A — S AR R
WA, /)N SR PO I a5 E B 0 Fh 22 R M S AR OR A
AR EIH BZE K IEAHCR R ABFF R IR A
Z FEME TR AR AR A I SE R 3 9 W 3 2, ELRERE T
BT RZ A, 520 R E0N—0.123, 7] 422 522 Wi 22508 0 A
R 50 RN 0122, Sk B2 I DG, R
HN—-0.001, BIA Fh 22 4 11 5 20w mT e 2 4100 R A
MR A A, H AT LB AR 2 3 AR K B 5% 4 /K F- o
TEIE PR Fh I, BRI 564 DB TR AL
ECAZ] 3G 0T /0N, 55 4 IR ) 32 SRR T MR 2 B
Y1) 20 AR K/IN ) 22 57 o A S BOMBAIE Si2 T W
2 FEE I 3G 0 e] DAYk b P ) 55 4, 7E AR 23 DAFR R] 5%
Gy AT, BE IR 2 RE AT DABRAR AR 20 (1 55 40K
o WA 2 RPN 5 S 5 MROR AR K B4R AL T fg 2
(Rl 9 W b 22 FE Ve B i B A B8 A0 AN AR, X AEAS B
AR &y AT AR SE N3 50, ATTD T P F
IB) A L5 4 B Bt M RR R RE B, BEVE
m G E Y FIE Z2, BN AR E BIRRTE TR
e, AH B T s B i = A — i B BRI A )
Chnys & 5 TS B RRD , S 80477 J1BRRP.

AT TR IR A2 2 AR HON AR AR
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i 2% 0 0.166, FRAE 2B 2 B ] e 2 fedh
AREYEA . IX AT REFRE K9 B 2% 1 ELAR 45 44 w] UfS A
A ) 2 T e B HE TS s SR URUR FH R
e 2 A R S A AR A A A S 4 F D9 TR 2 52, 5
Wi 22K 0.073, B i 73 A3 3 ol A 7 18] FAAH L5
BTN RO A A P AR AR o Hans Z5P47E 20 #r
KA P A O =23 IO PR 45 4 T e 2 19 o' 14
R R, s 7 AMORASMAT TR IR BT RE /1, B
Mg VW MERAE R E KT

ZREPEXS PR A AR R S it W] 2 LA K
JS2 B 285 RO, A I FUAIE S B A BN TR S AR
R A T T AR A D). BB 2 R I 1Y
TN, W ) AR A 2 A7 73 A SRR 1) ) LR A P R 4
e BEUER I 28, I SE BV A 0 B R 3 T

4 % ®

AW TN IR 5 4 B0 R IR TR AL R AR = v
M4 5 Z R RO AR K R . 524
EMARERKEIHEF KR, BARARAK
B2 kA T REETES &G4 & 2 R K-F AT
DA G2 A PR 23 ) PR A 1 5 4 5 P52 B AR K P 7 45 4 7
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IR AR AR AR AR 2 R KT,
2 PR A R4 0 BRI A% R R B AR AR R 58 4 7K,
TRBEMRARAAE K, DR AR A 7

Z £ x #t

(1] FEFIE, ZRH, BUGER. MORTES I N TR AR Y B
Wiy S BRI T [J]. ARl R 2224, 2013, 35(6): 15-22.
Dong L H, Li F R, Jia W W. Effects of tree competition on
biomass and biomass models of Pinus koraiensis plantation[J].
Journal of Beijing Forestry University, 2013, 35(6): 15-22.

(2] ERWIE, SHaS, R, &6 25T 20 M I AROR 55 4 3 8 [T]. Ak
AL, 2013, 49(6): 6873,

Hui G Y, Hu Y B, Zhao Z H, et al. A forest competition index

based on intersection angle[J]. Scientia Silvae Sinicae, 2013,

49(6): 68—73.

(3] EUF, Wte, ZHNE, 55 2 T 450 )7 PR M MROR 38 S+ 4R Rt
F (0] AbEMOll K 55448, 2015, 37(4): 28-37.

Wang Y, Yang H, Li Y L, et al. Tree competition index based on

the structural equation model[J]. Journal of Beijing Forestry

University, 2015, 37(4): 28-37.

[4] Hegyi F. A simulation model for managing jack-pine stands
[M]//Fries J. Growth models for tree and stand simulation.
Stockholm: Sweden Royal College of Forest, 1974: 74—90.

[5] %, KER, JEEM. KA WL IERIRRA R BB B i
2RV AN A 2 R A2 77 0B (0], AR UMl R 2 AR
2021, 43(12): 1-8.

[6]

(7]

[8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Fan X H, Zhang B Q, Fan C Y. Effects of species diversity and
structural diversity on productivity in different succession stages
of typical natural forest in Changbai Mountains of northeastern
China[J]. Journal of Beijing Forestry University, 2021, 43(12):
1-8.

R, S, AR, S T AT SRR AR R 2 e S AR
WA T ORI R F R AL R (D). AR 2 R, 2021,
29(11): 1435—1446.

Zhu J, Wu A C, Zou S, et al. Relationships between tree diversity
and biomass/productivity and their influence factors in a lower
subtropical
Science, 2021, 29(11): 1435—1446.

evergreen broad-leaved forest[J]. Biodiversity
Forrester D I, Tang X L. Analysing the spatial and temporal
dynamics of species interactions in mixed-species forests and the
effects of stand density using the 3-PG model[J]. Ecological
Modelling, 2016, 319(9): 233-254.

AL BT R AR IR R I 2 2 (H) 45 40 S 808 BT AL D). b
ML R 2E2E4R, 2013, 35(4): 1-9.

Hui G Y. Studies on the application of stand spatial structure
parameters based on the relationship of neighbourhood trees[J].
Journal of Beijing Forestry University, 2013, 35 (4): 1-9.

Hui G Y, Zhao X H, Zhao Z H, et al. Evaluating tree species
spatial diversity based on neighbourhood relationships[J]. Forest
Science, 2011, 57(4): 292-300.

Man R, Yang H. Construction of neighbourhood diversity indices
with stem mapping data[J]. Canadian Journal of Forest Research,
2015, 45(8): 1138—1142.

Yang H, Man R. Assessing stand species and structural diversity
at neighbourhood scale[J]. MethodsX, 2018(5): 141-148.

FF, Btk i, 55, 2 T U AR MR 450 2 BEPEDT AT [T].
JERThRL R 22244, 2020, 42(6): 52-58.

Bai Y, Yang H, Wen J, et al. Study on forest structure diversity
based on the neighbourhood trees[J]. Journal of Beijing Forestry
University, 2020, 42(6): 52—58.

Laughlin D C, Abella S R, Covington W W, et al. Species
richness and soil properties in Pinus ponderosa forests: a
structural equation modeling analysis[J]. Journal of Vegetation
Science, 2007, 18(2): 231-242.

ERT7, R BT S R 7 AR A AR 3 A K R R T
B RENT ], LM KR4, 2014, 36(5): 7-12.

Wang S L, Zhou J P. Coupling relationship between stand growth
and impacting factors based on structural equation model[J].
Journal of Beijing Forestry University, 2014, 36(5): 7-12.

EPA AR, RO, B, S5 TS5 M T RRRE AL I S R AR AR
MR BRI R (9] AR AR K 27 24, 2015, 43(10):
63—-67.

Shu S M, Zhao Y Y, Duan X, et al. Impact factors of forest
diversity in Yunnan pine secondary forest based on structural
equation model[J]. Journal of Northeast Forestry University,
2015, 43(10): 63—67.

BORLL - SEARIES, e, BT 5, &5, SR TE G Habr I wE 7Lt
J& [J]. PEAbMR AR 23], 2012, 27(6): 152-158.


https://doi.org/10.11707/j.1001-7488.20130610
https://doi.org/10.11707/j.1001-7488.20130610
https://doi.org/10.11707/j.1001-7488.20130610
https://doi.org/10.12171/j.1000-1522.20210071
https://doi.org/10.12171/j.1000-1522.20210071
https://doi.org/10.17520/biods.2021014
https://doi.org/10.17520/biods.2021014
https://doi.org/10.17520/biods.2021014
https://doi.org/10.12171/j.1000-1522.20190120
https://doi.org/10.12171/j.1000-1522.20190120
https://doi.org/10.12171/j.1000-1522.20190120
https://doi.org/10.1111/j.1654-1103.2007.tb02534.x
https://doi.org/10.1111/j.1654-1103.2007.tb02534.x
https://doi.org/10.3969/j.issn.1000-5382.2015.10.013
https://doi.org/10.3969/j.issn.1000-5382.2015.10.013
https://doi.org/10.3969/j.issn.1001-7461.2012.06.31

8

Bt A AR AR Z R G T4 0 RIR B A LE KA 5 121

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Zilaibi-Mutiming, Yang H, Zhao G L, et al. A review on the
competition Indices of individual trees[J]. Journal of Northwest
Forestry University, 2012, 27(6): 152—158.

Biging G S, Dobbertin M. A comparison of distance-dependent
competition measures for height and basal area growth of
individual conifer trees[J]. Forest Science, 1992, 38(3): 695—
720.

FRIEEE, SRME, BRAKE, S5 BT W6 IR 7 (KPR 5 4+ 48 it
5t [3]. MOl RHERF 5T, 2016, 29(1): 80-84.

Zhang Y C, Zhang H Q, Chen Y F, et al. Study of tree
competition index based on crown feature[J]. Forest Research,
2016, 29(1): 80—84.
X BR . v [ LA AR
381.

Liu Q J. Tree volum tables of China[M]. Beijing: China Forestry
Publishing House, 2017: 381.

M]. A6 A E AR H Ak, 2017:

Cronbach L. Coefficient alpha and the internal structure of
tests[J]. Psychometrika, 1951, 16(3): 297-334.

FWF BT AT R A MR SE S FE AR BT T (D). Jba: dba
Moolk K27, 2014,

Wang Y, Tree competition index based on the structural equation
model[D]. Beijing: Beijing Forestry University, 2014.

HRY, HRTT, BRE, 55 5T TR % 295 A R
SRR EUBTREMA N 2 [7]. R A4S 543, 2021, 32(8): 2763-2772.
Dong L B, Tian D Y, Chen Y, et al. Clarifying the factors
affecting Larix gmelinii forest regeneration based on structural
equation model[J]. Chinese Journal of Applied Ecology, 2021,
32(8): 2763-2772.

WM, B, B OCIE, & BT A5 M 5 R AL () AR bR A T
B (7], AL 7224 3, 2021, 40(8): 2635-2647.

Cao X Y, Wei X, Zhao W F, et al. Evaluation of forest health
based on structural equation model[J]. Chinese Journal of
Ecology, 2021, 40(8): 2635-2647.

TR, FPRF, XEF, . 2T Hegyi BB 1 LR bR 2
V) 45 K4 55 4 43 BT (3], P MO RHBE K 2 22 4, 2010, 30(12):
23-27.

LiJJ, LiJ P, Liu S Q, et al. The Mangrove spatial structure
competitive analysis based on Hegyi improved model[J]. Journal
of Central South University of Forestry & Technology, 2010,
30(12): 23-27.

EE, k02, T, A S EMON R E R A RS A
JCEREPERIRNE [J]. PR AR, 2022, 40(4): 553-564.

Yan X, Zhang X Y, Li Y N, et al. Effects of unevenly aged two-
layer mixed forest on growth, leaf morphology, and
photosynthetic characteristics of Phoebe bournei (Hemsl.) Yang
saplings[J]. Plant Science Journal, 2022, 40(4): 553—564.

HET, WK, TRER, SRR EAER] PR3 AR N
Xf AR RA LT T RIS (7). SR A 24, 2021, 32(8):
2722-2728.

Dong X T, Zhang J, Zhang Z D, et al. Effects of tree species

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

interaction, stand density, and tree size on the productivity of
Larix  principis-rupprechtiilJ]. Chinese Journal of Applied
Ecology, 2021, 32(8): 2722—2728.

Versace S, Garfi V, Dalponte M, et al. Species interactions in pure
and mixed-species stands of silver fir and European beech in
Mediterranean mountains[J]. iForest, 2021, 14: 1-11.

FUNR. TS R MY IR 2 B S A IR A (0], A&
W% FitE, 2018, 26(7): 690-700.

Huang X R. Relationship between plant functional diversity
andproductivity of Pinus massoniana plantations in Guangxi[J].
Biodiversity Science, 2018, 26(7): 690—700.

VR, W, BRBH I, &8, B R AR A [E LA TR A MR P A
Bl e G0 [J]. AR 24, 2021, 40(1): 49-57.

Wang Q, Pan P, Ouyang X Z, et al. Intraspecific and interspecific
competition intensity in mixed plantation with different proportion
of Pinus massoniana and Schima superba[J]. Chinese Journal of
Ecology, 2021, 40(1): 49-57.

JE S A AR VE R A MR P L T ) 5% 2R R AL R A
[D]. dbat: JEuthlk K%, 2018.

Zhou W S. Research on intraspecific and interspecific relationship
and impact mechanism of Larix principis-rupprechtii in secondary
forests[D]. Beijing: Beijing Forestry University, 2018.

20T, JE I3, K AE YR, 4. 1992—2015 45 5l 1L 28 XU H 4 v
RBETE L5 BN (0], RS 23, 2018, 42(4): 442-452.

Zou S, Zhou G Y, Zhang Q M, et al. Long-term (1992-2015)
dynamics of community composition and structure in a monsoon
evergreen broad-leaved forest in Dinghushan Biosphere Reserve
[J]. Chinese Journal of Plant Ecology, 2018, 42(4): 442—452.
R, whOCIH, L, 55 WL E K AERA YR LR E S
P AN DR RIS [J]. R Z FETE, 2018, 26(6):
545-553.

Wu C P, Han W J, Jiang B, et al. Relationships between species
richness and biomass/productivity depend on environmental
factors in secondary forests of Dinghai, Zhejiang[J]. Biodiversity
Science, 2018, 26(6): 545-553.

A, WrTLAE B R RS AR D) B LSBT AL (D). BN Wi
TLAMRR A, 2021

Zhu J D. Study on the productivity and structure of coniferous and
broad-leaved mixed in Zhejiang Province[D]. Hangzhou: Zhejiang
A&F University, 2021.

Hans P. Canopy space filling and tree crown morphology in
mixed-species stands compared with monocultures[J]. Forest
Ecology & Management, 2014, 327: 251-264.

Nyfeler D, Huguenin-Elie O, Suter M, et al. Strong mixture
effects among four species in fertilized agricultural grassland led
to persistent and consistent transgressive overyielding[J]. Journal

of Applied Ecology, 2009, 46(3): 683-691.

(FTfEsmiE & 48 & #
WEmE RAME)


https://doi.org/10.3969/j.issn.1001-7461.2012.06.31
https://doi.org/10.3969/j.issn.1001-7461.2012.06.31
https://doi.org/10.3969/j.issn.1001-1498.2016.01.012
https://doi.org/10.3969/j.issn.1001-1498.2016.01.012
https://doi.org/10.1007/BF02310555
https://doi.org/10.3969/j.issn.1673-923X.2010.12.005
https://doi.org/10.3969/j.issn.1673-923X.2010.12.005
https://doi.org/10.3969/j.issn.1673-923X.2010.12.005
https://doi.org/10.11913/PSJ.2095-0837.2022.40553
https://doi.org/10.11913/PSJ.2095-0837.2022.40553
https://doi.org/10.3832/ifor3476-013
https://doi.org/10.17520/biods.2017320
https://doi.org/10.17520/biods.2017320
https://doi.org/10.17520/biods.2017320

	1 研究区概况和研究方法
	1.1 研究区概况
	1.2 数据来源
	1.3 研究方法
	1.3.1 空间结构单元的确定
	1.3.2 边缘效应的消除
	1.3.3 多样性指数的计算
	1.3.4 竞争指数的计算
	1.3.5 结构方程模型构建与评价


	2 结果与分析
	2.1 邻近木多样性指数与竞争指数的株数分布
	2.2 各径级林木邻近木多样性、竞争指数与生长情况
	2.3 邻近木多样性与竞争对生长的影响
	2.3.1 结构方程模型的评价与修正
	2.3.2 邻近木多样性与竞争对生长的影响
	2.3.3 邻近木单元内不同径级邻近木竞争与生长状况


	3 讨　　论
	3.1 竞争对树木生长的影响
	3.2 多样性对树木生长的影响

	4 结　　论
	参考文献

