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China)
Abstract: [Objective] To study the dynamic change process of fuel and potential fire behavior characteri
stics over time after thinning in Pinus tabuliformis forests, and to provide a basis for fuel management i
n the study area. [Method] In the Xishan Experimental Forest Farm of Beijing, a total of 12 plots were
selected, including 3 plots in each after 7, 5 and 3 years of 15% low-intensity thinning (plant number i
ntensity) and unthinned plots. The stand factors (DBH, height, crown width, etc), surface fuels (1 h, 10
h, 100 h, upper dead leaves, lower dead leaves, live herbaceous , live shrub fuel load) and canopy fuels
(leaves, twigs and large branches) of the sample plots were investigated. The characteristics of surface,
canopy fuel load and canopy bulk density of P. tabuliformis forests at different times after thinning were
analyzed by one-way analysis of variance. Combined with the meteorological conditions of the study ar
ea, different scenarios of moisture content of fuel (low, medium and high moisture content) and wind sp
eed at 10m altitude (0-18 m/s) were set, and use Behave Plus 5.0.4 to simulate the potential fire behavi
or indexes of surface and canopy of P. tabuliformis forests at different times after thinning, so as to exp
lore the influence of thinning on canopy fire occurrence.[Result] (1) There were significant differences in
fine fuel load(include 1 h,10 h dead branch and upper dead leaves), canopy fuel load and canopy bulk
density at different thinning times (P<0.05). However, there was no significant difference in total fuel loa
d on the surface (P>0.05). The highest fire fuel load(0.64 kg/m?) was found in the 3-year thinning fores
t, and the total fuel load of the canopy varied from 1.8-4.30 kg/m?. The canopy bulk density of the 5-y
ear thinning forest (0.29 kg/m?®) and 3-year thinning forest (0.42 kg/m?) had a significant decrease (P<0.0
5) compared with the control forest (0.71 kg/m?). (2) Under different scenarios of moisture content, the
potential fire behavior indexes of P. tabuliformis forests after thinning for 3 years were significantly diffe
rent from those of other stands. Under the condition of low moisture, the surface rate of spread(maximu
m), surface fireline intensity and surface flame length varied with the increase of wind speed of 3.60-9.9
1 m/min, 4 925.02-13 559.59 kW/m and 3.87-6.16 m, respectively, and the heat per unit area was 82 0
78.06 kJ/m?. The crown fire transition ratio varied from 3.00 to 8.27 with the increase of wind speed. T
he surface fire easily spread into crown fire, and the potential crown fire behavior indexes was also hig
h. The crown fire rate of spread, crown fireline intensity and crown flame length varied with the increas
e of wind speed of 1.31-57.06 m/min, 2 546.10-110 966.82 kW/m and 4.96-61.49 m. The crown heat pe
r unit area was 34 611.22 kJ/m?[Conclusion] The fine fuel load, and the surface potential fire behavior
indexes of the 3-year thinning forests were higher than those of the unthinned forests, the 7-year and th

e S-year thinning forests. High intensity continuous canopy fire is possible under the conditions of wind
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speed greater than 4 m/s and low fuel moisture content. In order to reduce the risk of forest fire, it is s
uggested to increase the treatment measures such as pruning and cutting irrigation, and reduce the accum
ulation of dead branches after thinning work.

Key words: Pinus tabuliformis; thinning; fuel characteristics; canopy bulk density; potential fire behaviour
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BEAT A0, DCRIMAR AR KA e BE R T30 — G4BT e, W PR MR KR R B e o Mt K &
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FET7, EEANET N LER RO PR CE). 1 h B (EAR@)<0.64 cm).
10 h INfirAliEL (0.64 cm<d<2.54 cm). 100 h IM¥iAhk (2.54 cm<d<7.62 cm). 1 000 h I¥FAGEL (7.62
< d<20.3 cm) SEHGRATRVINO R, FEINE RTRPIIK R R . BRI BIR LT 11 3856 R Rt 3 TR R
M 120 g (BRI ARG — R (K2R Be ARSI P, i [ 500 S o
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Table 1 Basic information of Pinus tabuliformis forest plots in Xishan Forest Farm, Beijing

AT TR ARJE M E

)% S I 5 /a PR /M PR/ m B BUE°) W Wifir
(Ff-hm™2) (Fk-hm™2) F¥M R/ em
Time after thin Mean tree Mean crown Canopy Slope Slope Slope
Stand density Stand density Mean DBH
ning height width closure degree aspect position
before thinning  after thinning
M 3 up
XTI CK 842 842 18.84+0.31 8.32+0.30 3.71+0.12 0.7 11
South slope
Z5F South L3 Up
3 748 642 18.3140.09 8.30+0.06 4.2440.05 0.7 29
east slope
i 3 Up
5 612 525 18.92+0.24 8.95+0.21 5.38+0.30 0.6 27
Southwest slope
M 3 up
7 612 525 17.16+0.36 5.96+0.42 4.30+0.42 0.6 23
South slope

2.2 AR S IR E

W KA 11 AR RN BOATRAE N, 16 106 C N ZRIEFE, ARPEFREIFE &5 A

2 Jo B RT BRYIAE T & KR (relative moisture content, RMC)™”.

Crm =

(my —my) — (mp —my)

(my —my)

X 100%.,

ey

b Cru WFTIRMIHERT S KA 6, BEDHD , my NATIRIIEE B SR TERFEZAM (@), mp

NIRRT i ST JE B R Z A (g) , m ARMET IS E I (), mp WIET RS EE (o) -

2.3 HIRYIRENE

ReBETH 11 SERTAYIRE S AL B O R R, B 1 g MU A HUS R b B, BT, H e B R-TH

R R, SRS QZLRY-2002D AL 4s H 2l & AN & FE S HVE, XM ] BRYEE S L E I E 3

77



EVE NS S S27 AMEFEE K=
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Edl +dl  4(n+2)
e R
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2.5 FRRMIRHE(E T

2.5.1 MFRWRYIGSTE  FIHU T AR RS IETTRY GER. FA) Has &M &R0y
(LM FTEH. 1 h B, 10 h . 100 h SR TR 1 000 h RS HAE &R
R, KHAFHREH 5 ASRETT YA TR S B ¥t 2 TR S e S I3 (8, R AT 45 3 o 557 2 ]

R S

(3)

(1 b CRM) Xm
=~ _RM/° 4
Wi 1004 (4)

s W R a6 & (kg/m') , mAREDT P& PR EE R & (ko) , ANFTIRYIFRAERETT I
TR () -
2.5.2 JEJRATIAYIRAEME IR TEZ PR YIRIE A48 b 1 B A R AT ) 9 i B (canopy fuel 1

oad, CFL) 7| E KR 25 (canopy bulk density,mCBD) PO LR AR

Ws = Z(WB +Wr+Wp)o (5)
=1 Yo W
== (6)

b W N R e 2BV (ke) , W WA E (ke) » W/ MR (ke) , Wi WHHEY)
W, m RS EE, WoOTE R AT S (ke/m) . NAREHITREARECRE (KD, SOUFEMBITA (n
) o

)

A
2T SMH-H) "
Arb: oM R EBAREE (ke/m) , HNFEMTEATEY S (), HONFREHCT 15 6 2 5 B () o

2.6 EEKAT R
izl Behave Plus 5.0.4 8fF, KA B E TR T30, PR AR KSR, AN

AR S R ARG FARKGE R T, BB G DT GEAR. 5AD, ZISErm e (1 h
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. 10 h IS, 100 h AN ED . #E . ATERIR AN SRR . . WK Z R R . W&

i R EAREEESH, HIE R R KR KSR, R IIEKEE, MR KRR If TR
LenR T, AL IABUCE . B K SIER A I SR K AR A R KSR e KA. R
DRI 2 B R I L AT AIVEIN SR AR . B TR JORAEAEBE ISR 10 m 24 8, AR FTER T K
g KGR TR RGE™, HL 10 m 728 WG S AT R & K R ST AE KAT B YR G, [N T R 5%
BEELESE 10 m 2 RO . RAEIE RO X A RGE (16~18 m/s), ¥ 10 m @5 RIEBLE AN 0~18 m/s (3
PR UG T o E SR EIEM (http://data. cma. cn), EBEACGH SN, 5655 54511). ATAYI&
IKEAG S E S IS B AR K AT AT ST b R TR BB R A, 73 0] 3R A 90, 58 95, 2B 97

E ML KBRS, 4B Lows Med. High #R™, W 2.

% 2 Behave Plus H ¥ &K Bt i B

Table 2 Fuel moisture scenario setting of Behave Plus

BIFR: Y Bt AT S K # A5 5/%  Fuel moisture scenario
Fuel type % Low 1 Med & High
1 h A 1 h Fuel 3 6 12

10 h B T84 10 h Fuel 4 7 13
100 h I A4 100 h Fuel 5 8 14
THEART Y Live herbaceous 70 120 170
TEEAR T Live woody 70 120 170

TR AL L e R 3R KRB FE 5 I R K BRI LA, A SR A L 3R T s T 1, Rk
JE LR B TEE K I VAN WAGNER ™ 4 ek B AR AR 2B AT 1B, Bk AR R -

Tr = Is/Iy - (8)

Kb TR KEALLER, TR=1 BURSHAAE K, To<l MBBHE AR S RAERTK ™ I
MK EIREE (W/m) , To AR R KSR EE (kW/m) , Is+ o33 Behave Plus vH513 5.

2.7 BRGS0

FIFH Excel BHATHAREEFL, FH SPSS 26. 0 X A7e |2 P MRMIREAE . W TE KAT NARIRIEAT R R
ZE53 M (ANOVA) 5522 53t (. Z PERS 38 (Tukey) , 38 Behave Plus #FHEATHEE KAT AL, H Origin 2019
BAEHE.

3 HRESW

3.1 At v LR ER AR il A AR )£ AN [ I T P SRR (K2

3.1.1  FRANH R ATIRY) ST EAFAE X AL AN [ IS TR FA MR 528 L 1 2% ] WA A)) 67 A 2 E AT TR 22

779



EVE NS S S27 AMEFEE K=

MTHE, SRR 3.
R 3 AbsUT G L aREG AR 7 AR AR IRLAR IS AS [ 18] % 288 Y 3% T R 7 A
Table 3 Surface fuel load of different types of P tabuliformis forests at different thinning times in Xish

an Forest Farm, Beijing

B A% Ji5 e B/ R A '/ (kg/m?) Fuel load
Time after th k) FORE 1 hEREL 10 hISEEREEL 100 hEEHERGE Rt IR
inning Shrub layer  Herbal layer 1 h dead branch 10 h dead branch 100 h dead branch ~ Upper dead leaves ~ Lower dead leaves
X CK 8.17+1.19 a 2.97+0.36 a 0.11+0.05 a 0.08+0.01 b 0.02+0.02 a 0.35+0.01 a 0.29+0.03 b
3 5.15+0.19 a  0.21+0.21 b 0.10+0.01 a 0.20+0.02 a 0.10+0.07 a 0.34+0.02 a 0.75+0.12a
5 6.87+0.98 a  1.70+0.65 a 0.13+0.01 a 0.15+0.03 ab 0.17+0.17 a 0.25+0.07 ab 0.44+0.11 b
7 7.89+0.98 a  2.98+0.30 a 0.11+0.03 a 0.16+0.04 ab 0.00:+0.00 a 0.17+0.01 b 0.28+0.03 b

I FSEAEEARAFNG FREORIE P<0.05 K FEREE, £4FKSF.

Note: Different letters marked after the same line represent significant difference at P<<0.05 level. Table 4 and 5 are the same.

Wi 3 prax, BEEAE R AIGm, R EREIG N, LR Zhb 0 02 220 i
FIAR G 3 SEIFARRE L 2R B o5 B ss, 1 h AR 10 h IR L £ i B AE [ ARG 4R 4
5 EE IS5, 100 h ISR G AR IR 3 R 5 AERMAA AR R s Lh B . BRI R T E s R,
()45 5 AN [F B TRD SR RA AR A IR A L b SR 0 R A o 47 o B AR AE B M 72 1 (X0, 05) , WKL 1 h B
FliA% . 10 h IRERSECRT 100 h ARG ACASAAAE 2 2 22 57 (0. 05) .

A/NETERY CRLES | h RS R, 10 h IR ER 2R W AR, AR RIS, 4i/haT
BRI 2 (AR Y BT R I K I P e 3R W R S B TS AR S B GHER L BEA) RIS
A (EER . REAH L h B 10 h B 100 h RHEREED .. W 4 R, ARG AS
[7 sF 15] E1 b KA R AT 200 /N B R A7 e B A AE (5 25 57 (X0, 05) , AIRMRJE 3 AR B s, T b3 il IR
ST ANEAE 3 2 57 (P20, 05)

R4 LU TG LB AR iR PR 18] 43 15 AN (7] I 18] 3 3% RT R4 $1 i B AR ALL

Table 4 Characteristics of surface fuel load of Pinus tabuliformis forests at different thinning times in Xishan Forest Far

m, Beijing
[ I ] /a AN St/ (kg o m ) AR A i/ (kg o m )
Time after thinning Fine fuel load Total fuel load
T CK 0.54%£0.02 ab 13.39%£2.45 a
3 0.64£0.06 a 6.86+0.53 a
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5 0.53%0.04 ab 9.71£0.44 a
7 0.4440.05 b 13.0842.27 a
3012 EETTMAYIRRIE WK 4 FoR, SRR T 2SO AE AR, RIS A ) B IR P A AR 2 T
S (1)« i 2B (C) FIACAFE B 2 57 (P<0. 05) , AW, Z 53 AN 23 (0. 05) . A4S 3
Ty BAEL T AR AR R 56 2 AT MR S e B o EO0S HERE 2> 58. 14%, 53, 26% A1 31. 63%, bR AR E
FE 53 BB B/ T 40. 66%, 59. 53%F1 7. 16%, [HARJG 3 AEHIFA R 1476 J2 AT A 67 e B A e 2 2 AR o
5 BRI 22 5 2 (AR 5 AR KR 2 PR St B e BERE ML IR 22 S N R 35, T e 2 A R
HVEAR: TS 7RISR TR A, HR R TR S A R e A AR Y S R R M O 3
ZESt . BTSRRI 7 A AA BRI 7 2 AT R S 5 43 3500 4. 30 A 2. 94 kg/m', A R K 5]
WA, 55 T R R B e oK o
2& 5 I LRI bR PR )R AR [R50 e 2 T R G

Table 5 Canopy fuel characteristics of Pinus tabuliformis forests at different thinning times in Xishan Forest Farm, Beijing

B A% i et 8] /a1 b2 P TR/ (kg em ) TZARERE/ (kgeom )
AW/ (kg *m™) AC/ (kgem )
Time after thinning Canopy fuel load Canopy bulk density
R CK 4.30%£0.02 a 0.71£0.002 a - -
3 1.80%0.01 b 0.42%0.003 b —2.51%£0.29 a —0.29+0.12 b
5 2.01%0.01 ab 0.29%£0.002 b —2.30%0.28 a —0.42+0.15 b
7 2.944£0.01 a 0.66£0.003 ab —1.65%0.28 a —0.05%0.14 a

e AW TEARPE T RTRAY) ST AR T TRREHE (CK) FIBE 5 AC. [RIRRE bt 2 257 25 B2 AR T ) HEURE b (CK) 3
Note: AW:.. Canopy fuel load increment in thinning plots relative to CK; AC. Canopy bulk density increment in thinning plots rela

tive to CK.

3.2 AbutrTvG L Ie AR iR R IE AR AN [R]I TRITERAE K AT I AZ 1L
3.2.1 (ARG FIN R ELERAT A 3K 6 i, TEMCATRI S KR &E N, (ARG 3 Fihin
PRI Kb R 8B e 5 AR A AR 22 7 S35 . BT 1-A~C W LLE Y, AR RGEZAE T, B AT
B KEFRIEIN, S AN RIS 1] R A AR R K e K B S T AR ] A, AT S KA T, 1)
8 J5 AN [R] ST 1] Bt R P M 3 i O 80 A 5ol 3 o XU ) B I s B, #EAH [ XU S5 T R 2/ 9 T s 3
M)A b M)A TAEX IR, . A RERFAT,  [AE ANEIN TR R PR 3 R K K A i
FER R S B R BN N AR 5 A 1AM%)S 3 A0 AMRJE 7 S0 IR, M3 KR K 8 B R A,
ARG FEACERFEFAE T, [AMRJE 3 AR KRR S R s, B KGR AL T 3. 60
m/min ZETHEANE] 9. 91 m/min, 5T ML K
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Table 6 Changes of potential fire behavior of Pinus tabuliformis forests at different thinning times and different moisture

content of fuel in Xishan Forest Farm, Beijing

SR /a MR KRS IERE (n/min) MR KEIREE (W/m) MR KA K (n)

FIHRM) O K 15 5t AR TR R HAGE (kT /m’)
Time after Surface rate of Surface fireline Surface flame
Fuel moisture scenar Heat per unit area
thinning spread (maximum) intensity length
X CK 0.52£0.06 a 52.06%6.38 a 0.46£0.03 b 6 143.74%169.05 a
3 6.73£0.45 b 9 201.37%£62.97 b 5.10£0.02 ¢ 75 508.07£34 960.03 b
X Low
5 1.24%0.10 a 124.5449.54 a 0.70£0.02 b 7 228.17£1972.52 a
7 0.57£0.06 a 34.10£3.32 a 0.38£0.02 a 3 757.96£294.41 a
X CK 0.28+0.03 a 24.00+£2.94 a 0.32%£0.02 a 5 175.98%+142.18 b
3 0.61£0.04 b 115. 16 £7.77 ¢ 0.68%0.02 ¢ 16 648.23+9230.84 a
1 Med 5 0.68+0.05 b 57.66+4.42 b 0.4940.02 b 6 098.56+1659.27 a
0.02
0.31£0.03 a 15.80%£1.54 a 0.27£0.01 a 3 170.87£247.66 b
7
X CK 0.18+0.02 a 12.41£1.52 a 0.24%0.01 ¢ 4 325.21%118.42 ab
3 0.38%£0.03 b 60.01£4.05 ¢ 0.50£0.02 a 7 434.81£1216.40 a
= High
5 0.42£0.03 b 30.03%+2.30 b 0.37£0.01 b 5 110.45%1382.57 ab
7 0.1940.02 a 8.2540.80 a 0.20£0.01 ¢ 2 657.474206.39 b

e R SRR SRR, SIS R ANG 5 B R 7R A [F [A) 35 I ()4 3 6] 22 53 6 2 (P<<0. 05) .
Note: Under the same fuel moisture content scenario, different lowercase letters after the same column of data indicate signific

ant differences between plots at different thinning times.

KEGHERFE AT/ oA Py BB 3 R, I 750 kW/m LAR RARHREE, 750~3 500 kW/m AR,
3 500~4 000 kW/m JyiafE *. f# 6 alAl, [E4%JE 3 EMANMRAHR K ELSRELE 3 Bl IR &K 3 5%
PR T HAMKR Y FEd . ST S KRR, ARG 5 AR PRI R KRR S B T
5 7 A BRI . ] 1-D~F AT LUE B, AE AR S 7K 3656 R, RIS AN [RI S ) o A Fr
K LR BIBE KGR I IR R b R SRR, TEAR R RGE R RN N RS 3 4>
BI85 5 > X BTG 7 48, TBARS AN R TRl AR PRI KR SREE R/ T 750 kW/m,  BIJE R Az v s
FEKRIPTRedE: ARFTIAMI B KR AT, SHRAEMRSS 30 5. 7 S ilAA bR 2R K 258 FE (172 10 7 [ 7
B9 18. 47~104. 21, 4 925.02~13 559.59, 73.06~201.36 Fl 16.53~61.20 kW/m, 7EAFXE T dk
FNAIRMRG 3 FE RS 5 F 0 O EASS 7 4, MRS 3 AR MR K Z A KT 3 500 kW/
m, RIVEATIRYIEKZZMT, (ARG 3 4R MTFA MR 25 5 R AE s Hh 3 K

HR 6 AT, AR KREMT, G 3. 5 SRR KOG KB SRS 7 4500 |
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WA REER . HE1-G~T W LAEH, 78 3 Ml Y& KR40, 885 A FI [E A AR R
IR BE RGH IR G TG O, AR TR G T #3R JOE K B KRB/ INATRUE 3 A IS 5 4> % D Rk
JG T ARATRYI B KA, SHRREHAIIRIARSS 30 5. 7 SR IlAA PRHL R KA K 7R 10 Y L 43 31
0.30~0. 63, 3.87~6.16, 0.56~0.89 f10.28~0.51 m, H AR E/KFLEMET, WEEAMELE 3. 5.
T S HRA AR 2R KR K I X AR AL T L 43 531 A 0. 2070, 46, 0.5270.82, 0.3970.62, 0.2070.36 mo =
RIS KRR, W RERIEAS 30 5. 7 ARMAA MR MR IO K BERE XU A AL FE 437504 0. 1570. 34,
0.3870.61, 0.2970.46, 0.1570.27 m,

HI P 1-J~L Al %0, ANEATRRYD S /K Z 6 AR RIS AN RIS TA] 1 RA B A7 AR R B KB/ Ay
S 3 A ARG 7 AE> X B ARG 5 48 B PTRRY & /KA G I, TA) A AN 5] s [R] R BRI BERE b 14
ST AR AR S N R, AR TR EK R AT, TR AN IIARSS 30 B 7 ARIAR AR
i F) BT T AR R RS0 391 6029, 95, 82 078. 06, 6 024.07 A1 3 594. 70 kJ/m’,
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Fig. 1 Changes of surface potential fire behavior index with wind speed under different moisture content of fuel of Pinus tabul

iformis forests at different thinning times in Xishan Forest Farm, Beijing
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Fig. 2 Changes of crown fire transition ratio under different moisture content of fuel of Pinus tabuliform

is forests at different thinning times in Xishan Forest Farm, Beijing

3.2.2 [HfRJE 3 FFEMIMAMIE RETE AT BT HMRIE 3 AR MRTE AR AT IR B /K 3 514 R 5 kA
WK, BRI FI A Behave Plus BBl TR AT MR &K S 4 A F, IAIMRUG 3 AR MR 298 1E K AT o fihs
b KGR AR AL, A3 2 PR e K % 7. 17 m/min. HIPE 3-A W40, (ARG 3 AEMIFAMRIRT ik
S JE R RGEIE T 1,31 m/min B NE] 57. 06 m/min, 4KGEKT 4 m/s I, A5k & EHE F K
Tl S e ok A, BITT AR R AR IR A R o FE) 3-B AT, TR A S I XU R O T
I/MEN 2 546,10 kW/m, BEEEK R FRZE AT 750 kW/m, B 5 KA b Esm i o ek . & 3-C ]
B, BERL KOG BRI K 4. 96 mBETHEINE] 61. 49 m, HKTIEURIG 3 SEHFAMAE b 7 25 7 i
(4.23 m), KUK LR G IEMFA MM 2 h &5k, R 3-D nln, izl 2 34 611,22 kJ/
m'e ZX BRI, MRS 3 IR TE KR G IERTE R T S, TR . s fER S AR T K
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Fig. 3 Changes of crown potential fire behavior index with low moisture content of fuel of Pinus tabu

liformis forest after thinning of 3 years in Xishan Forest Farm, Beijing
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3.1 TR R AT HRPIREE 1) 5 1

Hiu 2 TR B A B ARAR K 9 R AR AR, TR)AR 5 A [R) IRF ) PR A P 2 2 S W R 7 - A A S
N6.86~13.39 kg/m’, [RMRIMFAMR S (2R AT A 0 far SR TR I AR 4y, ELIERSS 7 ARiRA AR it
TR B (6. 86 kg/m”) MITE R AT RIS & (1. 80 kg/m”) BT FRREHILBR /D 535 . TIRJE 3 AR AA bR
A gy (0. 21 kg/m”) BB T XS EFEHR (2. 97 kg/m®) , T4H/NAT A g 2 (0. 64 kg/m’) M T4}
REFEHD (0. 54 kg/m’), JEIRI T REAE [MARAE IS B8 Ak . AR il e 4, B o AE A 1 BA AR
Koo TR PR b RA AR TR 2 0 T A 07 1o B 3 PR AR, (RN MR T Kk LSS — i e, R IR 7
R A FAREERRE Sy, SR AT RN PR ARHIF TR DLIRAA MR I e 2 R e, T
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W, B R AT K TR A RN 0. 1 kg/m's Cruz 25" /Exd KB R REIEAT A G,
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U A A R R R AR N 0. 06~0. 13 kg/m’; Mitsopoulos 255 A FEFHFI/NE 2 AR
YRR E AR, 45558 0.0970.22 kg/m'e BT UL ERFAUGER, AW R SRS B R SRR
NEHR . AUWTFAEH T I RECATE W e R R R SR, BRI A m . KEA]
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