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Table 1 Details of sample plot in different densities
FEHh Ve szt G5 I (FR-hm ™) FHI M /lem SEEA /M FHHE/m® Y0 v T TEC AR/
Sample plot Forest type Stand density Mean DBH Mean height Stand volume Basal area
I ST R- R ASAR 1675 10.3 7.2 51.67 0.092
I S AR- IR S AR 1413 10.9 74 45.78 0.103
I 5 i k- FHMETR 2SR 1300 10.9 7.7 42.56 0.103
v 5 1 M- MR A 1125 9.0 7.0 26.11 0.071
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Table 2 Formula of crowding and competition

izt JE Fik 59'4
Indicator Scale Formula Explanation
14 X, SHEMISHSAIMEREEZN, y=1; S, y=0; JHFEE5MIUE SR
MRARAA C,-=ZXy;j A: ORZRWE; 0.25FRmMibi; 0.5RFHEHRE, 0.75RREHEE: 1RRFIRE
Ul £, BUEMOK, TR E R, AR AR B EE S B R AR R

4% Crowding

— 1 n
=1
m
MAAME Cl=Y y
4R Competition f=1 N’
%) Cl= lN 3 Cl;

n
=

s CRTRMAMNMAIE LR, nEm AL

G R, CLAMAKIMZESHREE, LMABIAAIBERS, dAr SoRitmE, dvl
Ly BRI, nRTES AR

RN FEFIRIE, CIAMAKMRIRITEFIREE, N WA BRI

124 X5 FIH Office F A4k A7 5UIE Wikk
R, o BRI HERARGE 2B &Mk )4 Winklemass
5 R studio i+ %L S8, RHE/N
FME2 R (LSD) X e 25 4 RpfiF i 4T 2 H L
B, SR Pearson fH3¢ ZEITA W 6 25 F KR AE 5
N RSNV R S St T A o
(SEM) ZrMrdkora B . B ek 45 460 R 2 48 138 1 5
Z, BEMIKFEYRA P=0.05, Hr, KiELE
BB, AR E (p>0.05) FAkEE (),
SRMR<0.08, GFI>0.95, CHI>0.95, L) K i/
(1) AIC {H 1 HURe A1 10 245 44 5 RRAS AR U7 H50di o0 i
FEHE R studio H15e L, FIH] Origin9.4 x5,
G AN i R 2, AEREHLE Rl 1.5 m 1Y
ZEh X

2 HERpH

21 WEEHHES
S ERARAT ek - T R B A AR 2 Y
IS, E K SRR AL, I

BEAA S B AR A S R BRI R S %
S FE TR | (HHARE A BAIN P22, LA IR %
FEMA IR S MR EAAAE 22 55 (B 1a) . 38
FEHbTE] . FEHL I RDE S A S (K 1b), 45
TR S ok, AREENT 28%~
45%; HUCAR SR, 53500 18%~28%
5 13%~20%; el ek 4 A A AR S A
ST, WA T 9% ~14% . 7%~9% il 13%~
16%. SMA L, SEHTERMAR 2518 i A8 R S kg3
W REORFF—BOME, T Rl AR 5 B R S
“SEHE S VR ) BRI A
22 MZESWBLEMHXE

mE 2 s, A T ORI S st R
TERIARDC S 2, WA S ) ek AR ) R G M i
( r=0.823, P<0.01), T1fi 5% J¥ % ( r=0.188,
P<0.05) FIiE K% (r=0.216, P<0.05) HyAHEME
WG, BT R AL (r=0.68, P<0.01) . i
& (r=0.67, P<0.01) 43l 5 Mg 45 Ao AH OGPk B i
HUCHREARFR (r=0.65, P<0.01), S54EH 1A



1 Wz, % AREET /NS SRR A RS EE5 0 58RI R 113
20 ¢ b 15
(@3N bjf (b) I cvoL
= =4 =
=i %3 2r EcRr
= =L
E I 209t
o aa =
Eq bb b2 B
= c ok 0.6 |
=
4T baa
b cbbg 03}
A
0
cD cL CR CS CPA CvOL I Il 1l v

L5 F4EAE Crown structure characteristics

% ¢ Density/(Fk-hm2)

W BZEL LT NE SRR (alble) 3R B,
Note: The letters on the error bars indicates a significance among crown structural characteristics.
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Note: The blue dots indicates trees of different crowding levels, and the green dots presents a projection of the black dots on XZ and YZ axes,

respectively.
3 MAMEHZERE
Fig. 3 Crowding of individual trees in different stand densities
#3 MBWMNZERE
Table 3 Crowding of dominant tree species in different densities
HHXT 4% Relative frequency
FEH HRFAR HERE
Sample plot Dominant trees AR it HhEEEAR L& S IR Value
Thinly scattered  Scattered Medium Intensive  Extremely intensive

Z i #k Quercus mongolica 0.000 0.059 0.235 0.059 0.647 0.824

#111¥% Pinus armandii 0.000 0.000 0.090 0.183 0.727 0.909

! FI# Betula platyphylla 0.000 0.307 0.462 0.076 0.155 0.520
W Tilia tuan 0.000 0.043 0.333 0.083 0.541 0.781

Z i #k Quercus mongolica 0.073 0.173 0.292 0.341 0.121 0.566

7 #111¥% Pinus armandii 0.000 0.250 0.250 0.250 0.250 0.625
FI# Betula platyphylla 0.000 0.000 0.266 0.333 0.400 0.783

W Tilia tuan 0.000 0.000 0.333 0.333 0.333 0.749

5k Quercus mongolica 0.055 0.368 0.236 0.263 0.078 0.538

i #111¥5 Pinus armandii 0.000 0.250 0.125 0.500 0.125 0.500
FI# Betula platyphylla 0.000 0.200 0.250 0.200 0.350 0.675

WMt Tilia tuan 0.000 0.000 0.142 0.285 0.571 0.713

Z i #k Quercus mongolica 0.000 0.312 0.251 0.187 0.250 0.594

N #111¥% Pinus armandii 0.500 0.000 0.333 0.167 0.000 0.292
FI# Betula platyphylla 0.083 0.417 0.333 0.084 0.083 0.417

WA Tilia tuan 0.167 0.167 0.500 0.083 0.083 0.437
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Fig. 4 The best-fitness SEM of stand density, tree competition, crown structure and crowding
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Table 4 Direct and indirect effect of stand density, tree competition, crown structure on crowding

ﬂﬁﬁj%%_ fER A _ A Beta P fH
Response variable Explanatory variable Effect P Value
MATES Tree competition M5 # i Stand density H# Direct -0.686 <0.001
f4% DBH MATE4 Tree competition H# Direct 0.024 0.612
W 5454 Crown structure WA TE S+ Tree competition H $ Direct 0.098 <0.05
4L Crowding MATE4+ Tree competition E ¥ Direct 0.416 <0.001
Wt 4544 Crown structure fi4% DBH E ¥ Direct 0.784 <0.001
4L Crowding ff94% DBH B % Direct -0.019 0.827
4L Crowding 4544 Crown structure E ¥ Direct 0.219 <0.05
Jki4% DBH 4> % Stand density 83 Indirect -0.017 —
W 5454 Crown structure Iy FE Stand density [&]4% Indirect -0.08 —

4L Crowding

M35 Stand density

[A]#% Indirect -0.303




116 Mook B

2 W5 37 &

3 ittt

B SEEZE R4 AR AR T PRACSE o AN R A B 11 2
BIREE, JEMARTEIRBEIRS) R AR . AFh
RHIE . TEERAIE . BEURAUT S Z R0 R INLE G RIE
W el T B 5 R R T AT AR 2 AR R IE 5 g
DCEERFAE RERR A IUFE AR AR AR, DAERFRR AR IE
WDIRE, W0 5e 0R AE PO A A K A, Hemery!™®
IR, i AR T AR S AR R KN O, HAE
SRR AR R TR, TR A,
PR T AR Mg St AR e eI 31 2 5 A
XK, REERTESE BRI AR IR T s AR,
SR AMA TR | W R 5 MR et e
WERG . MORMIAR S5 e 45 14 X Fh s ) 56 &R ]
RESEARAC G A, AR AETE B A X R
AR A A2 B — B K5, Bbek 204 F ik
Y A A FefE o TR E AR, B AR R IREOE
Z TR . Gonzalez-Benecke®? 451\ 7
0 (R T8 SEmMROR B4R SR 2E FA) 14 O
Fo BRI, AWFSEH T RAREHANLS, ST HBIAEEHE
AR5, DIHAR S5 e S5 R A DG TR 52 37 1l
SRAFISENR s BT, ARG BT A S e A A 1
KEAFM, X5 Brumelis?! S5 7E = A2 A5
SERBEAR—H MR R T AR i 41 233 ) B R
FRBOCIR AT RE S, AR, S b Hop
SEELE 5 MR AR 1) DG R AEAN ) 5 BE AR A3 TR 7 2 55
R, JUHBEE MR R, w5 MR R A
PERRSR o 3 AT RESR A FEAR 76 7K 233 1] 7™ o 27 FR R
KRB 1) EA R BRSNS, AT AR SE
SEEAARATAR 5L AN [RIEB A7 A 25 R EUTE 2 B IR
BERE,

B SEESS R X AR5 e S A 1) AR A A URR g
R BRARATE [R]— MR 1 S8 4R LEA AR IEE25 Aa) bR A
F, AN [ e 2 P ARA T 308 3 A o ) R AR A i 2 0 %
TN 15 e R VAT AN L) | S O S R 33 A 1  Bro
SER AR Z AP B Y e R . ARFSE,
RG34 BEAAGE 1 MOR S5 4 S I B AR 1, 338
TR TE Gr— R Tt 25 4 1) S [ A S P ) s i 2%
R, HIFH RS — I, MR8 R o
T MRATE S, dEMiEI R AR, —HAREAERR,
KB R AP MRS R Y K A 1 23 [l kg et
WHUEFRRIR, 5 —2e5538AR KA 7E 23 18] T2 K

SR, I 2 BT S DR A o4 A 1 3 v e
A5 IR T35 . WA AP, SEdARAR Ak
B G ™ o HL R BRI, AR i) B H 2%
AW . MR Rk, REMB N L
BURASAE, B BIEEB R, ISR AR
FIMES B AL FAK 12, BRI SR R 5%
LRI, B—H, WlieS 5B
PRI A KRR G AR5, HA RRA K
FIHRFR o RS R A 5 2 7 B, 8 A S A ] g
(A R R, JEREE T PR AP, T oA
HANKNE, S AR [T ] 19 A 24 22 5 S 3
TR SRR IR, MR Z 1Y
SR, T S B0 b4l b X A B A T
R, AN, RHBIFRSE AR ARIAS . R
XA B L B T O, DR e 45 4 1)
DR E R AR T RE S U FIE 56, ABFSE, A
34 B I F A A MOR S e — WA L R P 3
Wi 2 SR, T A A e PR 5 S — M A — ) e 254 o
WA P R, o AR XA SR LS A A B
W, HMORSE S 5 B B e 45 4 70 S 1) f
B s . X5 A/NEER . Jpit PERS e AT
TAAAR . B KIBRIR AR A B —2, B g 1%
Lmiig R AR, MO, Hodigtiek, H
Bl MRARARB R, PR AR S TR, A et )
SRR K . X T R TR AR K &
. HOu s SR A R R, ARAGE KA e
( JEf el ) A K, BmsE e m AR ) A SR
PEEDEERE T 1 [FIIst BEAR AR R K A e B A 1
L FERE T

B SEE 235 K 25 S B PR T MO B R AR B
REPT, SEMMMRMBIREAR, ROEmEA., EiES
TR AR S, Hop e S e XA A T2
S EERE AR R (M RARR ) T 32
YERT, R385 3 52 Wi 552 by MR MR 56 285 44 1) A2 5
Vieilledent® Z51Aky, B S 25 440 A 5k B A8 S 80 T
R SABif A ) ) g B S e, Rk, SRR
HORIEARI S R A, IR 2548 1 AR
SEATRER S MHOEIREE A G ABFIT, SRR
HHEEA TR EEERREERS, Hi, TR
EHRS MR LB K (29.7% ), XEEHEE M
SrWR AR, WEA T EEdE, TThE—E



1

Fdize, A5 AFEET /NS PRICE R SR 2 5 AR SC R 117

S A S SR TR AR TR R AR T MRACKS SR R A A
PR, MR T PR A 1 HLRRAIR T AR 38T
IR, ST IR IR Bl el 45 A4 28 S R HTLEH 1 7 TR
AWETE, JEHMTEARR . S5 e K A e 4
MR EHR PRI LISCTE . BeAh, WA R B bk
e Z i TS o B R B AR, R A
KA S [ 7 AR,

4 i

RRMRA 45 RO, — FLR AR AR E G TE I )
LB S BRI RS MO ISR AR, SR
FIr o . MOREE T AR L4 H 7 RERR AL,
VI SN PR RS K SN P ST 13
B, AFREESRIRES A 225, HRE
ZRPRAIE SRR AR RN 5, BRI RN T 5
PR S A 5 S R SC AR o LB ARAR
FIRFEEZ R, AMUEHIEMAN RN, RS
PSSR R, 300 I 3 B PR ) S T DA A T 4
), BEEMGE RS RN, DR HERRARTE B 53 i
Yimh R, SR, ABFTEAMFAEA R ZAL, Wt
TR, MROPRIM A —, DL T BRI
JERBRERL L, SRR IRA DT L S A
MRFR o AR MBS R AN FEAN R S s 2 P A A
o, FHHIEIMAEZER ik, kor. 1SS,
PATE M7 S8t BRAREE F P ) B BEROSE (RIS, /)
Bl 1L 52 T AR B SRR A AT

S 30k -

[1] Hans P. Tree growth as affected by stem and crown
structure [J]. Trees, 2021, 35: 947-960.

[2] Fotis AT, Morin T H, Fahey R T, et al. Forest structure in space
and time: biotic and abiotic determinants of canopy complexity
and their effects on net primary productivity [J]. Agricultural and
Forest Meteorology, 2018, 250: 181-191.

(3] Bk, R, S8R 45, 56, Moo B X LLBARY Set 45 44 (1) 32 ) F
FE L], EETMl RA=44i, 2009, 31 (6): 187-192.

(4] #IHES, BENIZ. JETAHBA R MR BT RK O A5
[J]. Jemtbkoll KAE244Rk, 2015, 37 (9): 1-8.

[ 5] Krajicek J E, Brinkman K A, Gingrich S F. Crown competition-A
measure of density[J]. Forest Science, 1961, 35-42.

[ 6] Hans P, Peter B, Enno U, et al. Crown size and growing space
requirement of common tree species in urban centres, parks,
and forests[J]. Urban Forestry & Urban Greening, 2015, 14:
466-479.

[7]1 QinY P, He X, Lei X D, et al. Tree size inequality and competi-

tion effects on nonlinear mixed effects crown width model for

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

natural spruce-fir-broadleaf mixed forest in northeast China[J].
Forest Ecology and Management, 2022, 518: 120291.

Sillett S C, Antoine M E, Campbell-Spickler J. Manipulating tree
crown structure to promote old-growth characteristics in
second-growth redwood forest canopies[J]. Forest Ecology
and Management, 2018, 417: 77-89.

Yachi S, Loreau M. Does complementary resource use en-
hance ecosystem functioning? A model of light competition in
plant communities [J]. Ecology Letters, 2007, 10(1): 54-62.
Vospernik S, Sterba H. Do competition-density rule and self-
thinning rule agree?[J]. Annals of Forest Science, 2015, 72:
379-390.

Burkhart H E, Tomé M. Modeling Forest Trees and Stands[M].
Berlin, Cermany: Springer, 2012.

Ji Wy, XUSCRT, XUIRAL, 55 25 R P28 B R BRIMR S hk bR 53 25 1]
2R RAs e ER 2 [J]. Mok, 2020, 56(4): 35-45.

THRHR, SRR, £ M8, 55 AIRLR AR BE XS /B 1L AR AR KA
MRS [AIZEH 2R [J] . PEAEARe=Be =4z, 2014, 30 (6): 1-5.
HRIEL, B, B, 45, SSM LA E Bg 5 Sk [M]. b
B0 BRI AL, 2020.

WhZ, BUUR, K &, E /NP SRR S5 S etk
P [J]. Mol R4, 2022 (4): 36-44.

aka . B E A (ML dbat: Bleg i kt, 2018.

Liu L, Zeng F P, Song T Q, et al. Stand structure and abiotic
factors modulate karst forest biomass in Southwest China[J].
Forests, 2020, 11: 443.

Hemery G E, Savill P S, Pryor S N. Applications of the crown
diameter and stem diameter relationship for different species of
broadleaved trees[J]. Forest Ecology and Management, 2005,
215: 285-294.

TGS, ZEH, XU, 56 AL B BB N AR & 1
SRS RS RIMT [I]. FEPR 20 2 5 0 A7,
2017,36 (1): 331-339.

Gonzalez-Benecke C A, Gezan S A, Samuelson L J, et al. Es-
timating Pinus palustris tree diameter and stem volume from
tree height, crown area and stand-level parameters[J]. Journ-
al of Forestry Research, 2014, 25(1): 43-52.

Brumelis G, Dauskane |, Elferts D, et al. Estimates of tree can-
opy closure and basal area as proxies for tree crown volume at
a stand scale[J]. Forests, 2020, 11: 1180.

Thorpe H C, Astrup R, Trowbridge A, et al. Competition and
tree crowns: a neighborhood analysis of three boreal tree spe-
cies[J]. Forest Ecology and Management, 2010, 259: 1586-
1596.

Rissanen K, Martin-Guay M O, Riopel-Bouvier A S, et al. Light
interception in experimental forests affected by tree diversity
and structural complexity of dominant canopy[J]. Agricultural
and Forest Meteorology, 2019, 278: 107655.

Toigo M, Perot T, Courbaud B, et al. Difference in shade toler-
ance drives the mixture effect on oak productivity[J]. Journal of
Ecology, 2018, 106: 1073-1082.

AN, REEE, M, SN LAY N AR FE AR A


http://dx.doi.org/10.1007/s00468-021-02092-0
http://dx.doi.org/10.1016/j.foreco.2022.120291
http://dx.doi.org/10.1016/j.foreco.2018.02.036
http://dx.doi.org/10.1016/j.foreco.2018.02.036
http://dx.doi.org/10.1111/j.1461-0248.2006.00994.x
http://dx.doi.org/10.1007/s13595-014-0433-x
http://dx.doi.org/10.13466/j.cnki.lyzygl.2022.04.006
http://dx.doi.org/10.3390/f11040443
http://dx.doi.org/10.1016/j.foreco.2005.05.016
http://dx.doi.org/10.1007/s11676-014-0427-4
http://dx.doi.org/10.1007/s11676-014-0427-4
http://dx.doi.org/10.3390/f11111180
http://dx.doi.org/10.1016/j.foreco.2010.01.035
http://dx.doi.org/10.1016/j.agrformet.2019.107655
http://dx.doi.org/10.1016/j.agrformet.2019.107655
http://dx.doi.org/10.1111/1365-2745.12811
http://dx.doi.org/10.1111/1365-2745.12811

118 Mol B BF R %37 %
WF5E [J]. PHALARAARe2=4R, 2018, 33 (3): 67-73. ity in tree allometry determines light resource allocation in

[26] Jemtk, w5, M AN, 5. 2T HegyillF AR 21 i) 7 XIS A bk forest ecosystems: a hierarchical Bayesian approach[J]. Oe-
SEA AT L] Mol B Us A 2, 2018 (1): 50-56. cologia, 2010, 163: 759-773.

[27] Pretzsch H, Dieler J. Evidence of variant intra- and inters-pecif- [29] Fichtner A, Sturm K, Rickert C, et al. Crown size-growth rela-
ic scaling of tree crown structure and relevance for allometric tionships of European beech (Fagus sylvatica L. ) are driven by
theory[J]. Oecologia, 2012, 169: 637-649. the interplay of disturbance intensity and inter-specific competi-

[28] Vieilledent G, Courbaud B, Kunstler G, et al. Individual variabil- tion[J]. Forest Ecology and Management, 2013, 302: 178-184.

Relationships between Crown Structure and Crowding in
Quercus mongolica Forest of Xiaolong Mountains under
Different Stand Densities

JIANG Meng-duo'*, MA Ying-dong?, JIANG Rui®, LI Ping-ying', BAO Yong-ping*

(1. Key Laboratory of Secondary Forest Cultivation in Gansu Province, Tianshui 741020, Gansu, China; 2. College of Ecology
and Environment, Xinjiang University, Urumgi 830000, Xinjiang, China; 3. College of Geography and Environmental
Sciences, Northwest Normal University, Lanzhou 730000, Gansu, China; 4. Tange Forest Farm, Xiaolongshan Forestry
Protection Center in Gansu Province, Tianshui 741314, Gansu, China)

Abstract: [Objective] This study explores the relationships between stand density, crown structure and
crowding, in order to deeply clarify the structural characteristics of Quercus mongolica secondary forest for
providing sufficient scientific basis for sustainable forest management in the future. [Method] In August
2020,typical plots with similar site conditions and different stand densities were selected from the second-
ary mixed forest of Quercus mongolicus in Xiaolong Mountains to analyze the relationship between crown
structure and crowding under different stand densities by using Pearson correlation analysis and structural
equation model. [Result] There were differences in the crown structure characteristics of Quercus mon-
golicus forest with different stand densities. The variation in crown volume was the strongest, followed by
crown length and crown area. The variation in crown width, crown length ratio and crown shape ratio was
the weakest. The variation trend in crown structure characteristics showed a unimodal distribution with
changes in stand density. With the decrease of stand density, the correlation trends of crown width, crown
area and crown volume with DBH were similar to "L" pattern, while the correlation between crown length
and DBH were consistent with the change in stand density, and the effects of stand density on the correla-
tion between crown length rate, crown shape rate and DBH was not significant. The crowding of the Quer-
cus mongolica forest ranged from medium dense to very dense, but the crowding in different density
stands was different. The dominant species of Quercus mongolica, Betula platyphylla, Pinus armandii and
Tilia tuan dominated the crowding. The influence of stand density on the relationship between crown struc-
ture and crowding in Quercus mongolicus forest could be divided into two ways: forest competition - indir-
ect effects mediated by crown structure; The indirect impact mediated by forest competition, diameter at
breast height, and crown structure. [Conclusion] The crown structures of Quercus mongolica forest vary
with different stand densities. Crown structure is related to the DBH. The relationship between crown struc-
ture and crowding of Quercus mongolicus forest is finally affected by stand density. In order to achieve
sustainable management of the Quercus mongolicus secondary forest, we should not only consider the
DBH, but also pay attention to the characteristics of the crown structure. By adjusting stand density, we
can optimize the crown structure and improve the crowding state to promote forest regeneration and in-
crease species diversity.

Keywords: crown structure; crowding; stand density; Xiaolong Mountains
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