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Spatial structure analysis of mixed forests based on close-range photogrammetry

WANG Yi, HU Wenjie, SUN Yongkang, YUAN Chuanwu, WU Wenfeng
(Hubei Academy of Forestry, Wuhan, Hubei 430075, China)

Abstract: This study aimed to explore the feasibility of applying close-range photogrammetry in the quantitative analysis of spatial
structure of mixed forests. A smartphone imagery-based method was developed to analyze the spatial structure of a coniferous-
broadleaved mixed plantation in Jiufeng Experimental Forest Farm. A multi-path and multi-angle image acquisition strategy was
employed to construct a three-dimensional (3D) point cloud model of the stand below the canopy. The optimal circle algorithm was
utilized to identify and estimate the positions and diameter at breast height (DBH) of individual trees. The measured data of DBH,
tree height, and crown width, along with DBH estimates derived from the 3D model, were used as weighting factors, and weighted
Voronoi diagrams were constructed based on measured DBH, estimated DBH, and an equally weighted combination of measured
DBH, tree height, and crown width. The effects of different weighting factors on key spatial structure parameters—mingling degree
(M), neighborhood comparison (U), and uniform angle index ( W)—were systematically analyzed. The results showed a strong
correlation (R*=0.977 2) between estimated DBH and measured DBH. For the estimated DBH of entire stand, the root mean square
error (RMSE) of 1.427 5 cm, the relative RMSE of 8.224 1%, the deviation of 0.503 8 cm, and the relative deviation of
2.902 4% , which indicate the estimated DBH of the entire stand was underestimated. In addition, the results revealed similarities in
the stand spatial structure units derived from different weighting factors. Although significant differences existed among some key
spatial structure parameters, these did not affect the overall consistency in characterizing the stand’s spatial structure. All the
approaches consistently indicated that the stand exhibited moderate competition intensity, a moderate mixing degree, and a random
distribution pattern.
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Table 1 Measurement data per tree of sample plot
W e Motz DBl‘i/ cm : P ED Tree htiight/ m : TEENE Crown ividlh/ m :
Speci Nomber FOKM ROMA BB OPWI ROCE RUME b2 PHE RAG ROMA bEX T
Max. Min. SD Mean Max. Min. SD Mean Max. Min. SD Mean
#hi# Castanopsis sclerophylla 81 28.5 5.1 6.0 14.7 15.0 5.0 2.7 10.7 8.0 1.3 1.5 4.8
HEHUAR Pinus elliottii 29 39.0 21.1 4.6 28.1 17.0 14.0 1.0 15.3 8.0 3.5 0.9 6.4
H X Quercus glauca 10 11.1 5.5 1.8 7.5 9.0 6.5 0.9 7.6 5.5 3.3 0.8 4.2

2253 Whole stand 120 39.0 5.1 8.4 17.4 17.0 5.0 3.3 11.5 8.0 1.3 1.5 5.1
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Table 2 Estimated DBH accuracy of each diameter class

, ] N YRz AR X T3 A 22 AR e 22
an et X RH 9 . e i
. ) Root mean square Relative root mean L Relative
Diameter class Number of trees R Deviation/cm .
error/cm square error/ % deviation/%
| 52 0.796 3 1.314 2 10.772°5 -0.020 8 -0.170 5
I} 43 0.873 7 1.187 8 5.950 6 0.504 4 2.5272
I 25 0.905 7 1.939 6 6.572 3 1.593 8 5.400 6
2MR4) Whole stand 120 0.977 2 1.427 5 8.224 1 0.503 8 2.902 4
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Table 3 ANOVA of the number of neighborhood trees in 3 weighted Voronoi diagrams
225 VI A ¥ FiE P1E
Difference source Sum of squares Degree of freedom Mean squared F value P value
21 [H] Inter-class 0.456 2 0.228 0.030 0.971
ZH P Intra-class 2 100.302 274 7.665
K3t Total 2 100.758 276

342 Mozl eiEE MR 4 AT, FE TSI AR AL IR AR AL B TR 2SR AT R 2= R
(P>0.05) , i3SI ZR-G A TR AC i U] 55 25 1 S 00 g A28 R0 A4k 100 g 42 I AL Py TR A8 B 38 R B s b 35 2
5 (P<0.05),
x4 BLEERMNERAE
Table 4 Paired sample test of mingling degree
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[A] 0 Y P
*X éLI%WjoHEXT SEI(E briefii 2z SESAH Difference 95% confidence interval tf Degree of i
Weighting factor pairing Standard t value R P value
Mean L. Standard error TR IR freedom
deviation
of the mean Lower limit Upper limit
S AR - ST 2
FHE - 0.028 13 0.113 11 0.011 73 0.004 84 0.051 43 2.399 92 0.018
MD-MS
S A4 Ak T Bk A%
- At -0.019 22 0.111 67 0.011 71 -0.042 48 0.004 04 -1.642 90 0.104
MD-ED
S 22 A — ik I g A%
*U\J'TME;_g)U\JHﬁMI —-0.047 97 0.159 64 0.016 73 -0.081 22 -0.014 72 -2.867 90 0.005
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Table 5 Frequency distribution of and M of different weighting factors

HE% [2]% b TRACE A3 i SR Distribution frequency of M, SR R
W‘;ﬁﬁng Species 0 (0.00, 0.25]  (0.25, 0.50]  (0.50, 0.75]  (0.75, 1.00] M
Fikk C. sclerophylla 0.05 0.08 0.61 0.20 0.06 0.45
fEipgse  TRHER P. elliotii 0.00 0.00 0.09 0.50 0.41 0.72
ED HM Q. glauca 0.00 0.00 0.29 0.14 0.57 0.79
SRS Whole forest 0.03 0.05 0.47 0.27 0.18 0.54
Fhif C. sclerophylla 0.05 0.19 0.51 0.22 0.03 0.42
sl fqz TR Pl elliouii 0.00 0.00 0.09 0.55 0.36 0.73
MD HX Q. glauca 0.00 0.00 0.29 0.14 0.57 0.79
SHR4 Whole forest 0.03 0.13 0.40 0.29 0.15 0.52
Yk C. sclerophylla 0.08 0.25 0.48 0.16 0.03 0.38
sz AR P ellionii 0.00 0.05 0.05 0.40 0.50 0.74
MS HX Q. glauca 0.00 0.00 0.29 0.14 0.57 0.79
2 M4 Whole stand 0.05 0.18 0.37 0.22 0.18 0.49

343 MAKMNSOREE I 6 AT, FEF LM G IALR) F N LB 1) -5 5L S 25 A A I
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Table 6  Paired sample test of neighborhood comparison

i Xf 22 {H Pairing difference

o FrifEiRzs P11 95% B A5 X [H] A i
A= 9 T TR X L . . .
ﬁi%l Il JEE,XT SEIE [ERIALES SEHE Difference 95% confidence interval ¢ fi Degree of P
Weighting factor pairing Standard ¢ value value
Mean deviati Standard error TR FRR freedom
eviation
of the mean Lower limit Upper limit
S g A2 = Sl 22 A
T M- 0.012 09 0.092 60 0.009 60 -0.006 98 0.031 16 1.259 92 0.211
MD-MS
S AkIAZ — Ak ) kg 4%
FuHte A Hote -0.016 44 0.110 51 0.011 58 -0.039 45 0.006 58 -1.419 90 0.159
MD-ED
W2 i}
< TMFIS {EED{) Mtz -0.028 79 0.103 36 0.010 84 -0.050 32 -0.007 26 -2.657 90 0.009

W 7 Frow, BTG MRS | S0 AR 0 S 25 G AL B A AR g 28 RN L R g i R 0.63 061
0.60, MEMDR/NEE AR LFH, WEHRB 4TSS AR, HIa 01, RT3
TNETs 2 X 7 X HARAR KN AR B A — 30, BIFEARAT 4544 T A 158 4 45 B oD R
BEZ TR TR MBMN T OAR, MARTER/N R F R B 225, WF98 KRG 3 Ak 1Ak
B0 7OV L SRS (1% /N1 N N 2 Y @ R <Y e B B GBS P N 35 0 v s el
RSB AR, BB AN ALFR S B & 22 AR 70% , 10 1E 48 %6} 45 RS A A,
A UL T A 7E 5 H At AR o ) S8 4 oAb T 8 X P B A, R RS 38 RN BRSO R 0,75, 0.73 R
0.72, AbFLHXT IR A I/ BT A TR AR 35 i TR, SR RE A RN fe R B B
W RIS, MENECE DR AW R, ZEF P RIRN IR AAAE— 2 e g R . 75 X8 RN B BROrE pE 34
AN SRS BIBAT A, HIFRo A TR HFARDS, BWE T XTE S A G 58 4 rp b T8 % 1)
PR
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Table 7 Frequency distribution of U; and U of different weight factors

e iy FNEE AR 5% Distribution frequency of U; SR/ B
Weighting factor Species 0 (0.00, 0.25] (0.25, 0.50] (0.50, 0.75] (0.75, 1.00] U

Hehi# C. sclerophylla 0.02 0.03 0.16 0.28 0.51 0.75
flimipgre SRS P. ellionii 0.32 0.40 0.23 0.05 0.00 0.18
ED HX Q. glauca 0.00 0.00 0.14 0.14 0.72 0.87
4 HK53 Whole forest 0.09 0.12 0.17 0.22 0.40 0.63
Fihi C. sclerophylla 0.00 0.05 0.17 0.34 0.44 0.73
szl SRHIAN P. elliotii 0.32 0.40 0.23 0.05 0.00 0.17
MD M Q. glauca 0.00 0.00 0.14 0.00 0.86 0.90
24 Whole forest 0.08 0.13 0.18 0.25 0.36 0.61
¥ehi# C. sclerophylla 0.00 0.05 0.23 0.25 0.47 0.72
STgEA 1B P ellioti 0.36 0.41 0.18 0.05 0.00 0.15
MS HX Q. glauca 0.00 0.00 0.14 0.00 0.86 0.88
42k Whole stand 0.09 0.13 0.22 0.18 0.38 0.60

344 Moz ELAEA HARS FIHI, T ARBCE N T Z A A RSB e R & V225 (P>0.05)
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Table 8 Paired sample test of uniform angle index
Fic %t 22{H Pairing difference
FRifEiR 2 M 95% B F1X ] E p

*1%[5[%%%@5@ SEIE b dhi 22 SEHE Difference 95% confidence interval tfA Degree of P i
Weighting factor pairing Standard . t value . P value
Mean . Standard error TR RR freedom
deviation .
of the mean Lower limit Upper limit

S-S 2 e

*U\JH@I&B_;A&?\LT H —-0.005 50 0.106 68 0.011 06 -0.027 47 0.016 47 -0.497 92 0.621
S e A At A

J‘“‘JH%D_ES”W 0.015 11 0.148 96 0.015 62 -0.015 91 0.046 14 0968 90 0336
Szl A — A g

*U‘J'TMDS_FI,]I_;)\JHQMI 0.020 73 0.172 13 0.018 04 -0.015 12 0.056 58 1.149 90 0.254

W 9 Pron, Ay SIS DR | S0 i A2 A0 S0 25 G 1 R ASCER DR A BRI A 01 2 1 RUBE 4 33
9 0.36, 0.38 F10.38, M9 53 A 4% S B A BEAL 43 A, 26T 3 FomAL DT 5 59 2 K o RO BU(E 78
(0.25, 0.50 4% e i, A RBEIRUELZE 0 1 (0.00, 0.25 ] F943 15 #i R %8 & T (0.50, 0.75] F
(0.75, 1.00], HULATUL, FEHUAR G (8 KR o3 25 A0 BRI RN B 5311, Y5 0 A Z5 i o 2 TR
823 Yo s PO T X (SR 7 = ol WA 2 0 [ B 2 s O S =1 7 I 0 B R 1 5 i 2 9 W 37 L /NS0 DAY
3T FEAEHE(0.25, 0.50 | EFEREN, HUI2/m7E(0.50, 0.75 | BUETEREIN, Hal i, LIEH
B SR O AR I S5 44 B0 R AL FRENL AR, (FARIRAFAETE o AR5 3 AR S5 F 5, 5 KIZE 3 Rl
BT B M R 40000 0.24 . 0.18, 0.30, F T HMaAE | B i et e LA K 50 7 4 AR v Ak 9k
TP R AR, BT LALLT KA G AR I 25 BT AR e TR 45 5 32 BN RE AR s, HL# RIG 1
SERIT I A 1R] 43 A A Jr 3 LA = AR R

®9 TRNERFHHSARESHIRERHE

Table 9  Frequency distribution of W, and W of different weighting factors

e i Fif £ N B/ A 45 % Distribution frequency of W, S
Weighting factor Species 0 (0.00, 0.25] (0.25, 0.50] (0.50, 0.75] (0.75, 1.00] w
Hhi# C. sclerophylla 0.17 0.13 0.56 0.14 0.00 0.34
flmi e SRS P. ellionii 0.00 0.00 0.73 0.27 0.00 0.46
ED HX Q. glauca 0.43 0.14 0.29 0.14 0.00 0.24
4 HK5y Whole forest  0.15 0.10 0.58 0.17 0.00 0.36
Wik C. sclerophylla 0.13 0.19 0.53 0.13 0.02 0.36
Sz SRR P. ellionii 0.00 0.05 0.63 0.32 0.00 0.48
MD X Q. glauca 0.43 0.14 0.43 0.00 0.00 0.18

25 Whole forest 0.12 0.15 0.56 0.16 0.01 0.38
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239
WERT WAh £ RS4RI Distribution frequency of W, REZY NS
Weighting factor Species 0 (0.00, 0.25] (0.25, 0.50] (0.50, 0.75] (0.75, 1.00] W
ik C. sclerophylla 0.13 0.23 0.46 0.16 0.02 0.36
Sz s IR P elliouii 0.00 0.05 0.73 0.23 0.00 0.46
MS HK Q. glauca 0.14 0.29 0.43 0.14 0.00 0.30
4 HR5 Whole stand  0.10 0.19 0.53 0.17 0.01 0.38
4 itig
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