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Influencing factors and prediction models for fuel loading in Chinese fir
forests of Hunan Province

Zhang Min, Zhao Zhengping, Yan Xuewu, Deng Ping, Zhang Suying, Wu Ying, Peng Kun

(Hunan Academy of Forestry, Changsha 410004, Hunan, China)

Abstract: [Objective] This study aims to systematically elucidate the distribution patterns and main influencing factors of fuel loads
in three fuel types (herb layer, litter layer, and humus layer), construct high-precision prediction models for fuel load, and to accurately
identify high-fire-risk areas in Chinese fir forest regions and develop differentiated forest fire management strategies. [ Method] Based
on 702 standard sample plots of Chinese fir forests in Hunan Province, surveyed from 2020 to 2022. Fifteen factors, including aspect,
slope position, slope gradient, and canopy closure were selected. One-way analysis of variance was used to examine the distribution
characteristics of fuel loads among the three fuel types, and Pearson correlation analysis was applied to investigate the correlations

between 15 factors and 3 types of fuel loading. Prediction models for fuel load, including linear regression, random forest, gradient
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boosting, and XGBoost, were developed using Python 3.8. [Result] 1) The fuel loads in the litter layer (0.615-21.110 t/hm?) and
humus layer (0-44.210 t/hm?) of Cunninghamia lanceolata forests in Hunan Province exhibited extremely wide ranges. The mean fuel
loads, in descending order, were: humus layer (11.647 t/hm?) , litter layer (6.407 t/hm?) , and herb layer (0.638 t/hm?), with significant
differences among the three (P << 0.01); 2) The fuel load of the herb layer was primarily driven positively by herb cover (#=0.673) and
significantly suppressed by canopy closure (+=—0.290) and stand density (+=—0.240). For the litter layer, litter thickness was the core
influencing factor (+=0.657), while elevation (+=0.098) and slope position (7=—0.119) indirectly regulated its accumulation by affecting
decomposition rates. The fuel load of the humus layer was significantly positively correlated with humus thickness (+=0.780), elevation
(r=0.167), and total growing stock (+=0.180); 3) The gradient boosting model performed best for the herb layer (R’=0.682 6) and litter
layer (R*=0.751 8), while the XGBoost model achieved the best performance for predicting the humus layer fuel load (R*=0.665 5). The
machine learning models (random forest, gradient boosting, and XGBoost) significantly outperformed the traditional linear regression
model and demonstrated good generalization capability. [ Conclusion] 1) The extremely high fuel loads in the litter and humus layers of
some C. lanceolata forest stands in Hunan Province pose a significant risk for forest fire occurrence and rapid spread; 2) Canopy closure
has opposite effects on the herb layer (highly significant negative correlation) and the litter layer (highly significant positive correlation);
therefore, when implementing thinning operations, managers should balance the fire risks of both layers, and promptly remove logging
residues after thinning to avoid a sharp increase in litter input. In addition, litter decomposition is slower and accumulation is greater at
high-elevation upper slope positions; thus, prescribed burning or mechanical removal of thick litter layers should be carried out before
the dry winter-spring season. Moreover, some stands have developed deep humus layers, and areas with thick humus accumulation
should be prioritized for ground-fire prevention and regularly inspected; 3) The gradient boosting and XGBoost prediction models exhibit
high accuracy and strong stability, providing technical support for dynamic fuel monitoring, precise fire-risk zoning, and scientific fire
prevention decision-making in C. lanceolata forest regions.

Keywords: Cunninghamia lanceolata forests; fuel load; influencing factors; linear regression; random forest; gradient boosting;
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L1 B gt

WFEA (24°38 ~ 30°08'N, 108°47" ~ 114°15'E)
iSRRI L RE, DL, RN . IR AR
FHFEE, W HrEE =0 O AR TR
SR AE BRE EEE 59.96%, IE LA
BEE 588X 10° m’, FEARMMAFE A, BEM
Pinus massoniana 5K 5 EE 64%Y; 2 A MAE
FRHBNTHR, T nfi T8 i, EREIXE,
FE X IR A R R DAL 5 -

AHIF FEHFE 2020—2022 4E A 5 — IR AR AR
KRR TAE, S R AT R br i 2
FAMARY i B rE ™, 4 14 Ml
JNFLVE B 702 ANTHIFR N 666.67 m*(25.82 m X 25.82 m)
R IETT TR B AR AR . At B S EE M R
Kybmii 25 A~ BRIHTT 18 Ay WIE T 114, 1
M7 25 A~ MBI T 99 ANy i FH T 23 4~ AL TH
114 /> KT 27 A BEBHTE 115 /4>, 75 FH T 66
AN KN 103 AN fEHFETT 33 A4 TR ST 18 4
WITE L RE e F VA M 25 A, 328 CHIRE 4 Bk
KR ARG A B VRGN Y PO ER, W TR R AT
AR R IC S TR R FAK 23 PR - i 4k
24 ~ 1854 m, WV 2. F BE. &L K6 fb
Werg, dby Rk &R REE. B AR P PR,
T o Fhy ), AR, Bk, . R LA,
SPHE 6 Bl A7, G AR IS AR T B DL KK G
MR 4 FhEE A, ARHE N 03 ~ 0.9, WA EEN
165 ~ 5 130 #k /hm’, B 4.30 ~ 19.92 m, 4z
6.3 ~29.7 cm, HEME 0018 ~ 30.039 m’, HAK
B EN 0 ~ 74%, HEARTEMR 0 ~3.5m, HAGE
790~ 95%, AEIEPIIEE )N 0.10 ~ 6.75 cm, JEYH
JRIEE A 0 ~ 6.58 cm.
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Av2.1.4) FE, RAZMRIE. BELARK. B
F2THH1 XGBoost Ht 4 AN AL G 37 A] PR & T
RIS

D ZBEik S ILL L B

EHCT 15 ANRFAE Rk A &, i 5 22
KA -F (Variance inflation factor, Fy,) XJ H A8 & it
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ANZTRAT AR, ToFE T A 2 ik .
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A —AbH ., R IEIR 7 13 [ B A A A
FBENLRI 2 A RSN SE. =2f I &
SRR AL . KR e b B R B S A
HHE, REiERSEIFE RS, RH 2
Bt R AL SRS, M SO A, W Bt
TR B— B 2 ML S, RS
BALib = — B DR BATEAVEfL . A I
WAV BEALZ (UM RE, SRAE REL (RD . 1
J7 MR 1% % (Root mean square error, RMSE) F1-F

Y4 %f iR %2 (Mean absolute error, MAE) it #
BPEHR, SHERERE 1. K Origin 2024
A 2 1 R AL R T 00 A P 50 st P £ A 2R )
KR SR S $T28 XIS E vRAS B Y i Fs e 1t 53
1hfE 7. TR RRAE B EENE AT BT BE ML AR AR
T £ £ T+ A1 XGBoost #5841 A L P B AR AIE 2
BVEIRAL U7, BAEA B AREXTN H AR AR &
I DTHREE, FELH B AE TR S HER BT 10 1I4RF
(RGN = STAS

® 1 GitietsER

Table 1 The role of statistical indicators

4511845 Statistical indicator

{1 5 ## B Role and interpretation

WeiE 2 4 Coefficient of determination (R*)
)5 MR 1% 2 Root mean square error (RMSE)
T34 48 %1 % 7 Mean absolute error (MAE)

AR T B AR B AR R RRRRE ST, AR 0 ~ 1 (EAERIE 1, FRRN A FOT

TR ZE IR EZE , ANy
TR Z LA T B, A gy

2 HER50H

2.1 AIBRDEE IR EFAE

2T A F B AT R 1) 43 A G
MERMESNTEE R, BER2GEEEL, HoMHE
MR ARSR T, BT AR AR TEY . kv
¥ 2 (0.615 ~ 21.110 t/hm®) FJ& 58 Jii J2 (0 ~

44.210 thm®) R RRAIAR B E AN [RRE b ) 28 A T P2
K, FRvEZE Sy HiE 2.562 thm®y 7.784 t/hm’. i
K EFWANERTUE N, ERZ. MEYZ
FE 5 5T 2= 1) SR TRIAR W] A A B 2 TR A A S 25 1
Z5 (P<0.01) , AR EEFIME KRN
AR R RAUR O EFERZ (11,647 t/hm®)

Fi¥&E)Z (6.407 thm®)  FAZ (0.638 t/hm?) ,

=& G RN 62.31%. 34.28%. 3.41%.

F2 FEIRE S ERA RS E S TEHE

Table 2 Distribution characteristics of unit-area loading for various fuel types t/hm’

ARV B Fuel loading type

Vi (B/ME~H KD Range (Min-Max)

“FYJME + FrvHEZ Mean+ standard deviation

A JZ Al Y3 Herb layer fuel loading 0~ 6315 0.638+0.652 C
KV )2 W] W38+ Litter layer fuel loading 0.615 ~ 21.110 6.407+2.562 B
JEE T2 7R Humus layer fuel loading 0~ 44.210 11.647+7.784 A

T FFIARFEKE FZRERIRTE P < 0.01 /KF L2583 . Different capital letters in the same column indicate significant differences at the P < 0.01 level.

22 FAIMIEESEF S

TEATH M TR, ST B R EHIT T2
HILZEME IS, S5REOR, FTAREN Fy B3/
T 5.000 CIKME AN 4.202) , B HZEZ B
TE 7 5 1) %2 B L 2BV ), & A #E 4T Pearson AH 6
PEIHT S G B Bt AR . 3R 3 451 1 3 Fhak
RIRTAYI R S 15 Bk o3RRIk DR - B AH SGE 23 A
Zi. WUEH, EAREBIERESEARZERE
WRZEIEMHE (7=0.673, P <0.01) , &HHiZE
BENKORET . BAEBYEES LR T
# (r=-0.097) EEZFMMHK (P <005 , Hik
SR (r=-0.290)  MRAPEEE (7=-0.240) .
BERE (r=0.106) 2HEZE K (P<0.01),
HipH =-0.080) . JEHEFEE (r=-0.080) £

BEAMX (P<005 . BAEAMYIBRES
WeRE. . WA, PR CPRIME. #ER
2R EARSEY R AL TR R R T R 3 A O
(P> 0.05) .

K& 2 VT R B S A ) )R R B B
IEAHZE (,=0.657, P <0.01) , &¥ui%)= R
VRN CER 7. MR, MEDZE TR
VIR E S E (=0.118) FiER (r=0.098) £ %
EFEIEMK (P <001 , MEHAN =-0.119)
BWREEFAARK (P<0.01) . WOETH, K
VZ TR S A R (=0.239) |« HER
M (=0261) « MRHE (r=0.136) ¥ EREE
IEAER (P<0.0D) , 55 %E (=0.091) .
WG (r=0.087) 2R FIEMHKL (P<0.05) o A
WY E S PR CEAE .
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DEME. BEARTI R DA B 55 TG W A
Ktk (P> 0.05)

JE HE R 2 A R S R R R AR R
IEA % (7.=0.780, P <0.01) , RREZEZHE
W% R 2R . 5 B 52 PR i S TR TR T i
e G=0.167) EHEFIEMK (P<0.0D , 5
W R FhmEDERE (=0253) . BEMRE

4

(r=0.180) . “F ¥ #f = (r=0.166) H1-F ¥ i 4%
(r=0.123) HEWEZFIEMHKL (P<001) , 5
Moy R B E U =-0.079, P <0.05) .
JE AR 2 AT R B S R L A AL TP
WU VERTE . HEARF I el DL R AR 5 T
SEMIEME (P> 0.05) .

3 TREEEBTEAARYEE SHMERTRMEXME

Table 3 Correlation between unit-area loading of various fuel types and stand characteristic factors

RO T

2% 2% Correlation coefficient ()

Stand characteristic factor

FAR R R

WK Evaluation -0.097*
HPE Slope 0.008
) Aspect 0.001
{7 Slope position 0.040
AP Canopy ~0.290%*
W% FE Stand density -0.240%*
P #4545 Mean height -0.066
“FH454% Mean diameter at breast height -0.030
#4521 Age group -0.080%*
S EFE Total growing stock ~0.106%*
#EK 6% Shrub coverage 0.026
HEAT- Y5 R Mean crown width of shrubs 0.006
IR 7 ¥ Herbaceous coverage 0.673%x*

V&R SE Litter thickness -0.030
-0.080*

Fv&E )= AT IR R T B 2 T R
Fuel loading of the herb layer Fuel loading of the litter layer ~ Fuel loading of the humus layer

0.098%** 0.167**
0.118%* 0.058

0.021 0.039
—0.119%* -0.029
0.136%* -0.043

0.091* -0.079*

-0.026 0.166%*

0.056 0.123%*
0.087* 0.038

0.058 0.180%*
0.261%* 0.052

0.072 0.027

-0.005 —0.047
0.657%* 0.253%*
0.239%* 0.780%**

JE55E 5 )5 Humus thickness

TR FORARIEAE P < 0.05 KPR, o7 FORMOGHEE P < 0.01 KF EAREZE.
“*” indicates that the correlation is significant at the P << 0.05 level, and “**” indicates that the correlation is highly significant at the P << 0.01 level.

23 WRYIEEFUUAREY

231 BERIELG R

T4 H T AL 4 Ff [a] 9 A g ST R ] A
WA B T AR AL AR R B R TR AR
TS, T FE B T AR 2R A B A 2 R0 7 47 J2 Tt
R DB, 1 XGBoost 5 Y 7 JiF 4 5 JZ T
R . AR RYEE TS, BER
TR R A, R (0.682 6) #it i, RMSE
(0.400 6 t/hm>) Al MAE (0.180 2 t/hm®) 1K,
W% AT BE S R 68% AR S, HLTRIE N
K Fafd; XGBoost A1k 2 (R*=0.601 9) , Bl
NSRRI 22 - RIEME TR, MR A
JZE O B 5 Z A T A T AR, R R R A
I R fefm, 14 0.751 8, RMSE (1.106 3 t/hm®)
I MAE (0.717 3 thm®) &A%, 2 W B R g fiR
B2 75% 178 5 HAR ZE i/ XGBoost 155 11 %
Z (R=0.7413) , HHEM AR EL, HY
ST BENLARA (R=0.645 7) Sk 0 (R=

x4 TRIAEEARIEE R FUNRE

Table 4 Prediction models for fuel loading of various

fuel types
HArAs & 5 R RMSE/  MAE/
Target variable Model (t-hm?) (t-hm?)
. TR ST 0.682 6 04006  0.1802
A -
AR XGBoost 0.6019 04487  0.1984
Herb layer fuel s fkfel)y 04942 05057 02621
loading
BEALARAR 0.449 9 0.5274 02719
Th SRS 0.7518 1.106 3 0.7173
s =
AR B XGBoost 0.741 3 1.1294  0.7500
Litter layer fuel gy stk 06457 13218  0.969 4
loading .
AR 0.5557 1.480 1 1.1472
XGBoost 0.6655 44528 22636
AR R BEEARTT 0.6552 45207 22144
Humus layer  pagigetk 05510  5.1584 33715
fuel loading .
2R (A1) 0.5423 5.208 4 3.0518

0.5557) . J&HE i JZE vl R o= T A,
XGBoost #IL i lf, H R* (0.6655) ftii, RMSE
(4.452 8 t/hm®) e fK; 6 AR R Bk 2
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(R*=0.6552) , . MAE (2.214 4 t/hm®>) B&{%T
XGBoost (2.263 6 t/hm®) ; BHAHLA K [EH KRB
TR, HEEET 550 2 PR,
2.3.2 BT IR B

Bl 12 SRR 3 2 m] BRI e
SEPME 11 BB mE LT REH, EEAE,
B FEHR T+ 5 XGBoost 15 AU st o0 AR H, T

A

S = N W A U
S = N W A U

HORAETIRE AR T 2 vhm®) XA DY,
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