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Brief summary The capacity of several fuel beds to be ignitgditebrands and to sustain a fire was assessed
through the study of their flammability. Then, ttepability of different types of firebrands to inifuel beds

was studied through laboratory tests, in ordemimktheir behaviour when they are involved in dpes.
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Abstract

A series of tests were conducted under laboratonglitions to assess, on the one hand, the capafcgveral
fuel beds to be ignited by firebrands and to snstdiire and, on the other hand, the capabilitdifierent types
of firebrands to ignite fuel beds,. Fuel beds arebfands were selected amongst the most comm8nouthern
Europe. Regarding fuel bed flammability, resultevgtihat grasses are more flammable than litters amdngst
litters, Pinusspecies are the most flammable. The increaselkfdamsity and FMC involves an increase of the
time-to-ignition, and a decrease of the other flahility parameters. The capability of firebrandsgnite fuel
beds is higher when the firebrands drop in flamihgse and with no air flow than in glowing phaséhveir
flow. Logistic regression models to predict fueldbgnition probability were developed. As a whalesults
show a relationship between ignition probabilityfoél bed and type or weight of firebrand®nus pinaster
cone scaleRinus halepensisone scale-ucalyptus globulugeaf and bark can have ignition probabilitiesesisit

twice higher than bark of Pines when fallen in flagrhcombustion.

Additional keywordsember, wildfire, spotting, ignition probabilitffammability
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Introduction

Fire spotting, with production of flaming or glowgrparticles transported downwind, may cause seecgnda
wildfires, ahead the main front. Therefore, fireyention and fire fighting strategies must take atcount this
phenomenon. Both ember transport and landscape fa@amodels are well detailed in the literatueeg( Tarifa
et al 1965; Albini 1979, 1981, 1983; Rothermel 1983)rfgy 1998; Gardnezt al 1999; Hargrovest al 2000),
but other aspects of fire spread by spotting rereasis known such as the ignitibility of fuel begsgwint source
or the capability of firebrands to ignite fuel bed&e characteristics (species, moisture contamtsity, etc.) of
the fuel that receives the brand and the vegetdiiahis the source of firebrands may influencedbeurrence
of a spot fire. Several laboratory studies of fipgead in different types of fuel bed used a lgrétion and pine
litter (Rothermel and Anderson 1966; Delaveaud 19&hturaet al 1988; Viegas and Neto 1990; Vegaal
1993; Valetteet al. 1994; Mendes-Lopest al 1998; Guijarro and Hernando 2000). Although tkiisd of
ignition is appropriate for fire spread studiesddes not provide any information for fire spottimgwhich the
ignition occurs from a point source. Blackmarr (2Ppand Ferreira (1988) experimented with point seur
ignitions using dropped lit matches. Recently, Malozet al. (2006a, 2006b and 2006c¢) investigated the ignition
of fuel beds found in the wildland-urban interfageeas, using an apparatus that allowed the igniioth
deposition of single or multiple firebrands. Somghars (Blackmarr 1972; Ferreira 1988; Viney andtbta
1989; Frandsen 1997; Lin 1999; Hargrateal 2000; Plucinski and Anderson 2008) have alsostigated the
ignition probability of fuel beds in relation witheir characteristics, but they did not take intoaunt firebrand
characteristics. Nevertheless, it is importantaoycout fire studies using commonly found fireltarthat cause
spot fires and to develop a prediction of the cédjalof different firebrands to ignite fuel beds a function of
brands and fuel beds characteristics.

In this framework, one of the objectives of thesem work is to assess the capacity of severabkes
to be ignited by firebrands and to sustain a finegugh the study of their flammabilitfgel beds tesjs The
other objective is to assess the capability ofeddiit types of firebrands to ignite fuel be&&dbrands tests

analyzing the ignition probability of the firebrands a function of physical variables of firebraadd fuel beds.
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Material and methods

Tests of the flammability of fuel beds and the dajits of firebrands to ignite fuel beds were cowrted under
laboratory conditions by three Research Teams (IBh& CINAM in Spain; Cemagref in France), following
similar methodologies for testing the most commpecges from each study region: Central and Nortlstére

Spain, and South France, respectively.

Fuel beds tests

The fuel beds selected for this study were littdrérbutus unedd.., Eucalyptus globuluk., Pinus halepensis
Mill., Pinus pinasterAit., Pinus pinealL., Quercus fagineaLam. 1783, Quercus pubesceng/illd, Ulex
europaeud.. and two different types of cured grasses witfiedent depth and density. These fuel beds are
representative of receptive fuels on which firet8pg has been observed in field studi8B&LTUS2001). The
litters were collected in pure stands of each eséhconiferougPinus halepensis, P. pinastandP. pinea)and
hardwood tree¢Eucalyptus globulus, Quercus faginaad Q. pubescens)Whereas coniferous and hardwood
litters were composed of needles or leaves, reispbctfuel beds ofJlex europaeusvere made of fine ground
stems. This last type of fuel bed usually resultsnfthe grinding of plant debris following the dliea of Ulex,
this process is frequently used as sylviculturaatment in Galicia (NW of Spain). Grasses wereectdld as
turfs from the ground in order not to alter thefusture.

For each type of fuel beds, the effect of both hikisity BD in kg m®) and fuel moisture content
(FMC, in percentage) were analysed. To determine thie density as the fuel load divided by the depth,
average depth of each fuel bed was estimated threixgmeasurements at different points of the flreithe
case of grasses, average depth was obtained fotiaWe guidelines of Burgan and Rothermel (1982%13% of
the maximum stalk height. To obtain a relativelyd@vrange of moisture values, the material of figglsbwas
conditioned in climatic chamber, air dried or owkied. Table 1 summarizes the characteristics etebted fuel
beds. As a whole, the fuel load varies from 0.Rfs pineaand Quercus fagineditter) to 1.80 kg rif (P.
halepensiditter) between woody species, whereas it variemf0.09 to 0.25 kg thin grasses. The moisture
content values for the woody species range fror@%.£Pinus pinasterto 22.89% (lex europaeus while they

range from 9.60 to 49.90% in the case of gras9d€ falues ofArbutus uned@ndP. halepensisire less than
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10%. The bulk density values for woody species eafigm 9.06 P. pined to 72.43 kg ni (Eucalyptus
globulug, while they range from 0.79 to 3.56 k¢’ rfor the grasses.

Flammability of the fuel beds has been analyzedomling to the definitions given by Anderson (1970)
and Martinet al. (1994), as the result of the following four phemora:ignitability (the amount of time until
ignition once a material is exposed to a knowntignisource) sustainability(how will the fuel continues to
burn), combustibility(how rapidly or intensely a material burns), aetisumability(quantity of material that is
consumed). Therefore, fuel bed flammability hasnbealuated taking into account the time requiretl the
flame appears on the fuel bed, the rate of fireagyrthe rate of combustion and the fuel consumpéito.

The experimental burnings were conducted in fineches, on which the different fuel beds were laid,
forming either square fuel layers of 0.70 m x On7@Figure 1) or round layers with a diameter of00n7. The
fire benches were placed on a scale (sensitivity ¢, connected to a computer, enabling a contisuegister
of the weight loss during the combustion of thd fael. A scale, in cm, which enabled visual assessof the
flame height during the tests, was placed on ahe &f the bench. In order to ensure that the igmitif the fuel
bed occurred under similar conditions, “standarebiiands” were used. These were cubesn(X2 cmx 1 cm)
of Pinus sylvestrisvood (FMC = 12%)ignited using an electric radiator (Standard Ng2P509-1985) (Figure
1). Once the ignition occurred, the flaming firatawas placed in the centre of the fuel layer amel t
chronometer was connected. The decrease of théb&aklveight was then recorded as well as the paeasne
characterizing the flammability of the fuel bedd) time-to-ignition of the fuel bed (TIB, in s) calculated as
from the moment the firebrand was placed on thetfed, (2)rate of fire spread (RoS in cm §') obtained from
the mean value of the time required by the firegach the four edges of the fuel layer, (&g of fuel bed
combustion (RoG in g s calculated as the weight consumed during theifigraombustion divided by the
duration of the flaming combustion, (#)aximum and mean flame height (FH and MFH in cm), (5)fuel
consumption ratio (FCR) calculated as the ratio of the weight consumeddmybustion and the initial fuel

weight.



Table 1. Fuel load, fuel moisture content (FMC) andbulk density of the studied fuel beds

Mean, standard deviation, minimum and maximum valudCFfuel moisture content, n = number of tests

Fuel bed n Fuel load (kg rif) FMC (%) Bulk density (kg m™)
Arbutus unedditter 1.37(0.01) 3.59(2.76) 45.73(0.46)
(S France) 87 (1.36-1.40) (1.00-8.23) (45.45-46.63)
Eucalyptuglolubuslitter 1.01(0.09) 7.89(4.22) 35.72(11.49)
(NW Spain) 68 (0.84-1.19) (1.11-17.53) (15.79-72.43)
Pinus halepensitter 1.39(0.38) 3.91(3.09) 46.50(12.53)
(S France) 67 (1.03-1.80) (1.00-8.89) (34.29-60.57)
Pinus pinastetitter 1.04 (0.08) 7.77 (5.02) 36.62 (13.05)
(NW Spain) 56 (0.87-1.23) (0.48-19.83) (20.11-70.78)
Pinus pineditter 0.52 (0.02) 9.27 (3.36) 14.68 (4.92)
(Central Spain) 36 (0.49-0.55) (2.50-14.50) (9.06-25.12)
Quercus fagineditter 0.52 (0.02) 9.77 (3.23) 20.10 (6.02)
(Central Spain) 44 (0.49-0.55) (3.60-15.20) (15.40-44.82)
Quercus pubescetigter 0.95 (0.01) 6.02 (4.11) 20.49 (7.52)
(S France) 128 (0.91-0.99) (1.00-14.28) (15.15-32.99)
Ulex europaeutitter 0.98 (0.09) 9.20 (7.33) 19.96 (7.37)
(NW Spain) 29 (0.84-1.13) (0.77-22.89) (11.22-34.63)




Grassesype 1 0.23 (0.02) 21.21(12.36) 1.78 (0.76.)
(Central Spain) 10 (0.19-0.25) (9.90-43.40) (0.92-3.56)
Grassesgype 2 0.12(0.01) 15.81 (9.83) 1.34(0.47)
(Central Spain) 16 (0.09-0.13) (9.60-49.90) (0.79-2.61)




Firebrands tests
The study was carried out in different conditiofis) duel beds, ii) air flows, at different speeffs 0.8, 2.5 and
4.5 m &) with different directions (horizontal and obliqdé °C), i) firebrand states and (iv) firebrand types.

Table 2 lists these studied key variables.

Table 2 Experimental conditions of the firebrand tests

Fuel beds Air flow Firebrand state Firebrand type

Pinus halepensis None Flaming (on air- Pinus halepensitwvigs, bark

needles Oblique (2.5 and 4.5 m% dried needles and cone scaleQuercus ilex

(air-dried and oven- only) leavesQuercus subebark

dried) Glowing

Pinus pineaneedles None Flaming Pinus pineawigs, bark and

Cured grassés cone scaleQuercus ilex

Horizontal and oblique (0.8 ms  Glowing leaves and acorminus

halepensicone

Pinus pinasteneedles None Flaming Pinus pinaster, Pinus radiata

Eucalyptus globulus andEucalyptus globulubark,

leaves Horizontal and oblique (0.8 ms  Glowing E. globuluseavespP. pinaster
cone scales

* An oblique air flow of about 45° to the tray haidithe fuel bed was selected because it was thinomim
angle avoiding the air flow to blow off the fuelrfeles from the aluminium tray. A later modificati of the

experimental device allowed conducting tests wittoazontal air flow.

% To construct grass fuel beds in the firebrandystadred grasses were collected cutting them abése of the
stalks. Fuel beds were constructed lying horizdntalg of stalks in the aluminium tray of the expegntal

device (Fig. 2), in such a way that their bulk dgnsas 4.63 kg m.



Concerning fuel beds moisture content, two défiferlevels of FMC were tested Rinus halepensis
needles beds: air-dried (FMC = 3.9 %) and ovendd#& hours at 60°C (FMC = 0 %®inus pineaneedles beds
and cured grasses fuel beds were conditioned ramlger at 22 °C and 60 % relative humidity, in sachay
that the FMC were 11.19 + 0.50 % and 9.20 + 1.45&4pectivelyPinus pinastemeedles bed anBucalyptus
globulusleaves beds FMC were 3.17 + 2.08 % and 3.16 +%Ai&spectively.

The two states of firebrands (flaming and glowimgpresent the possible states that occur at the
moment of contact between the brand and the fumheSauthors (Tarifet al 1967; Waterman and Takata
1969) have stated that when the firebrands coigaitable fuel beds, they are most likely in aestat glowing
combustion, but Babrauskas (2003) has confirmetittaas possible for firebrands to remain in arflag state
under an air flow and therefore it is reasonablassume that some firebrands may still be flamjpgnumpact.
Thus, the ignition capability of the firebrands wassessed on both flaming and glowing phases. typehof
firebrand was tested only on the fuel bed on whigy are naturally combined in their respectivesgstem.
Before the tests, the firebrands were weighed asdsored in length, width and thickness. For altheim,
according to their form (cylinder, rectangle, aptiere), the surface of contact @mwith the fuel bed (laid on
their biggest face), the total surface fimthe volume (cr) and the total surface-to-volume ratio were
calculated. The firebrands were oven-dried 2480 °C until reaching a constant weight. For each type of
firebrands, the moisture content was determinedrbedtarting each experiment and is assumed t@stant

for each experiment. Table 3 presents the charstitsrof the tested firebrands.

The firebrands (40 for each type) were ignited orekectric radiator, and then dropped on the feel b
contained in an aluminium tray (22 cm x 16 cm x @n%) (Figure 2). The air flow was provided by a dmtic
fan, located at sufficient distance from the fuedibo generate different speeds.

Once the selected firebrands on the radiator, these left until they ignited or until they glowed,
depending on the selected state, before being fmethe fuel bed ignition. Once the flaming or glay
firebrands were dropped on the fuel bed, the ethpisee until the occurrence of the ignitiomlB, time-to-
ignition of the fuel bed) and the ignition frequencyiRB) of the fuel bed were recorded. For the glowing

firebrands, the fan was started as soon as they dvepped on the fuel bed.



Table 3. Weight, surface of contact, total surfacejolume, surface-to-volume ratio and fuel moistureontent (FMC) of the studied firebrands

Mean, standard deviation, minimum and maximum values

Type of firebrand Weight (g) Surface of contact (cm) Total surface (cnf) Volume (cnT) Surface to volume ratio (cnm) FMC (¢
Twigs Pinus halepensis 0.67(0.32) 2.46(0.6) 7.72(1.87) 0.99(0.46) 8.74(2.26) 8.1
N=200 (0.14-1.78) (1.06 — 4.08) (3.33-12.80) (0.17 — 2.46) (5.20 — 18.96)

Pinus pinea 0.39(0.15) 2.39(0.65) 7.50(2.03) 0.76(0.39) 11.16(3.00) 8.8t
N =240 (0.12-0.85) (0.90 - 4.32) (2.83 —13.56) (0.14 - 2.31) (5.000 — 20.00)

Bark plates Pinus halepensis 0.43(0.26) 7.29(3.17) 14.59(6.34) 1.17(0.84) 14.06(4.29) 9.9:
N =200 (0.12-2.16) (2.00 — 23.20) (4.00 — 46.40) (0.27 — 8.64) (2.50 — 29.41)

Pinus pinaster 1.01(0.69) 10.35(5.00) 26.88(12.19) 4.57(3.51) 8.24(5.90) 6.1¢€
N =265 (0.20-3.80) (3.38 —29.44) (8.04 — 71.80) (0.19 — 22.16) (3.10-42.32)

Pinus pinea 0.69(0.34) 14.02(5.32) 28.05(10.64) 3.38(2.58) 11.19(5.32) 8.8t
N=240 (0.16-1.92) (4.83 - 33.58) (9.66 — 67.16) (0.59- 15.79) (2.86 — 20.00)

Pinus radiata 1.44(1.27) 7.08(3.62) 21.14(11.81) 4.89(5.12) 6.35(2.96) 4.4
N =241 (1.30-8.30) (2.11 - 24.94) (6.04 — 72.85) (0.38-30.72) (2.07 — 21.31)

Bark Eucalyptus globulus  0.66(0.33) 9.84(3.54) 19.68(7.09) 1.09(0.75) 20.39(5.64) 4.8:
N =245 (0.20 - 2.00) (2.46 — 22.80) (4.92 — 45.60) (0.25-16.94) (3.33-40.00)

Leaves Eucalyptus globulus  0.61(0.17) 25.86(7.21) 51.72(14.42) 1.31(0.36) 39.52(1.09) 3.5¢

10



N=239 (0.20—1.40) (8.85 — 52.29) (17.70 — 104.58) (6-2461) (37.04 — 40.00)
Quercus ileXFrance)  0.12(0.04) 10.62(3.01) 21.25(6.01) 0.35(0.13) 64.31(14.35) 11.1
N =200 (0.05-0.30) (4.90 — 21.70) (9.80 — 43.40) (0.13 - 1.00) (24.39 — 100.00)
Quercus ileXSpain)  0.14(0.04) 9.27(2.34) 18.55(4.68) 0.46(0.13) 40.85(6.96) 6.4¢
N =240 (0.07 —0.28) (3.48 — 21.09) (6.96 — 42.18) (0.17 — 1.05) (28.57 — 100.00)
Cone scales Pinus halepensis 0.22(0.04) 2.66(0.52) 4.92(1.19) 0.70(0.24) 7.79(3.19) 8.71
N =200 (0.13-0.35) (0.99 — 4.20) (2.11-8.15) (0.33 —1.46) (2.93 - 18.29)
Pinus pinaster 0.65(0.15) 5.11(2.10) 10.21(4.21) 1.85(0.77) 5.87(2.55) 3.9¢
N=241 (0.30-1.10) (0.48 - 10.21) (0.96 — 20.42) (0.52 — 4.54) (0.91 — 21.28)
Pinus pinea 1.53(0.44) 9.25(1.61) 18.49(3.21) 6.43(1.69) 2.96(0.46) 6.9(
N =240 (0.49 - 3.10) (4.83-13.72) (9.66 — 27.44) (2.46 — 12.67) (1.82 — 4.00)
Cone Pinus halepensis 31.31(11.24) 48.27(16.53) 157.69(53.57) 194.17(98.55) 0.89(0.16) 6.2t
N =240 (11.50 - 69.98) (17.98 — 102.18) (65.01 — 342.90) (49.30 — 597.21) (0.57-1.32)
Acorn Quercus ilex 2.37(0.75) 3.93(0.90) 14.54(3.46) 5.32(1.90) 2.85(0.34) 6.5:
N =240 (0.99 —4.20) (2.30 — 6.30) 88.04 — 23.75) (2.14 - 10.88) (2.18 — 3.75)
Bark cube  Quercus suber 0.71(0.26) 2.04(0.56) 10.37(2.53) 2.26(0.86) 4.88(1.46) 8.7
N =200 (0.26—2.13) (0.12 — 4.46) (2.84 — 21.85) (0.12 - 6.81) (3.21 - 23.67)

11



Fig 1. Experimental device used in the fuel beds tests ] ) )
Fig 2. Experimental device used in the

firebrands tests

Statistics
Fuel beds tests

The effects of both fuel moisture content (FMC) &tk density (BD) on the flammability of each furd
were analysed using multiple regression models.

A logistic regression was used to predict the igniprobability of theP. halepensis, Q. pubescearsdA.
unedolitter bed$ as a function of their bulk density and FMC. Taiglysis uses the maximum likelihood
estimates to determine independent variable caefifis. The improvement Chi-square tests the hygathkeat
the term entered or removed at its step signifigaitanges the prediction. The goodness of fit &hiare was
used to test the hypothesis that the model addgisethe data.

The prediction of Rate of Spread (RoS) with fuelishoe content as independent variable was perfdrme
using linear regression models. To compare theeffeFMC on each fuel bed, differences betweenstbpes
and the intercepts were analysed for each fueluséng of the conditional sum of squares of the &qnsa
linking RoS, FMC and fuel bed. One factor parancedNOVA (Kruskal-Wallis Test) was used to validdke
significance of the relationship between the typduel beds and the fuel bed flammability paramet@riB,

RoS, RoC, FH, MFH, FCR) measured in the experiment.

® Bulk density not varying within a same type oflfbed, it was not possible to carry out a logistigression
analysis of the ignition probability for each typefuel bed. Thus, the various litter beds weregedrto solve

this problem.

12



Firebrands tests

A logistic regression analysis was used to modelptobability of the firebrands to ignite fuel beals a
function of physical variables of firebrands ancelfibbeds. This analysis allows the relationship leetw
dependent and independent variables to be detednaing to predict the ignition probability of a degase,
classifying individuals within the group with thbaracter or without it, as a function of its proitigb Logistic
regression uses the maximum likelihood estimatietermine independent variables coefficients. Digeoff the
likelihood gives a measure of the goodness ofofitthe model. A high reduction of the log likelitbat each
step means the model fits the data more adequé&etysequently, a low final value of that paramétdicates a
good fit. The improvement chi-square tests the tyggs that the term entered or removed at eagh ste
significantly changes the prediction. The goodnefs§it chi-square was used to test the hypothdsid the
model fits the data adequately. The Hosmer-Lemesiestvwas used to compare the observed and prédicte
frequencies. In this study the dependent variatae the ignition probability of the fuel bed whefiirabrand
dropped on it. Two different types of independeariables were considered: qualitative (firebrargetyfuel bed
type and air flow type), quantitative (for the firand: weight, fuel moisture content, surface aftaot with the
fuel bed, volume and for the fuel bed: moisturetenhand bulk density).

One factor parametric ANOVA (Kruskal-Wallis Testlasv used to analyze the significance of the
relationship between the parameters air flow, hesl types, firebrand types and the fuel bed igmitiequency
and time to ignition. The comparison of means, gisire Mann-Whitney non parametric test, was peréaotim
order to test the significance of the air flow @dweristics (speed and direction) and the fuel tagscontent on

the ignition frequency and the time to ignitiontioé different firebrands laid of the different furdds.

Results and discussion

Fuel beds tests

Flammability parameters

13



Table 4 shows the flammability parameters recofde@ach fuel bed. The statistical tests (KruskalHi&)
show that the fuel bed type has a significant éftecthe recorded parameters (KW<100 for RoC an®,FC
KW=>100 for TIB, RoS, FH, MFH; p=0.000). The Grassgse 1have the highest values of RoS, RoC, FH, FCR
and the lowest values of TIB, as well as a 100 #étimn frequency, being therefore the most flamrasfiel
bed. On the contrary, the least flammable onA.isinedolitter which has the highest value of TIB and the
lowest values of other parameters. The speciesbielg to the genuRinus as well adJlex europaeushow
higher values of ignition frequency (between 89 &66 %), rates of spread and combustion, flamehiteignd
lower time-to-ignition than other fuel beds. Theesies belonging to the gen@iercusreach higher time-to-
ignition thanPinusfuel beds, but lower values of the other paramsetaging therefore thegguercusfuel beds
less flammable than the studiBéhusones Eucalyptus globulustter has high values of ignition frequency and
flame height, along with relatively high valuestwohe to ignition and low rate of spread. These ltssagree
with Trabaud (1976), who reported that the esskatisa and terpenes contained in the fuel (as ésdase of
Eucalyptuslitter) enhance the flame height more than thesttmignition. Grasses present the lowest time-to-
ignition and the highest rate of spread and rateoafibustion, as well as the highest flames, thusaling their

higher flammability compared to the litters, desytfie higher fuel moisture values in grasses thdittérs.
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Table 4. Parameters of fuel bed flammability

Mean, standard deviation, minimum and maximum valuesyen measured parameter; n: number of tests ichwnition occurred, IFB: ignition frequency, TIB

time-to-ignition, RoS: rate of fire spread, RoQeraf fuel bed combustion, FH and MFH: maximum exehn flame height, FCR: fuel consumption ratio

Fuel bed n IFB (%) TIB (s) RoS (cm &) RoC (g 89 FH (cm) MFH (cm) FCR (%)
Arbutus unedditter 57 65 11.92(13.21) 0.09(0.03) 0.69(0.22) - - -
(1.75-52.50)  (0.04 — 0.15) (0.24 — 1.14)
Eucalyptusglolubuslitter 64 94 9.09(7.97) 0.17(0.06) - 74.10(22.38) 65.08(23.29) 88.13(12.53)
(2.00 —58.95)  (0.05 — 0.30) (30.00 — 110.00)  (24.00 — 110.00) (63.06 — 94.80)
Pinus halepensititter 60 89 4.51(4.27) 0.23(0.07) 1.34(0.34) -- - --
(1.34-25.48) (0.11-0.38) (0.70 — 2.08)
Pinus pinastetitter 56 100 5.70(3.98) 0.19(0.06) - 64.83(23.18) 58.23(22.04) 84.61(12.60)
(0.47 —29.50)  (0.08 —0.32) (15.00 — 100.00) (10.00 — 95.00) (48.61 — 96.53)
Pinus pineditter 35 97 5.51(2.41) 0.26(0.06) 1.23(0.27) 58.00(13.68) 42.77(10.84) 92.82(1.71)
(2.00 —11.00)  (0.15—0.39) (0.75 - 1.72) (25.00 — 80.00) (18.00 — 63.00) (86.00 — 95.00)
Quercus fagineditter 34 77 12.76(13.06) 0.18(0.06) 0.68(0.27) 20.72(12.02) 16.72(9.34) 58.62(22.59)
(4.00 — 60.00)  (0.10 — 0.29) (0.12 — 1.02) (5.00 — 50.00) (5.00 — 38.00) (5.00 — 80.60)
Quercus pubescetiigter 89 69 8.60(15.11) 0.23(0.10) 1.16(0.44) -- -- -
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(1.37-117.89)  (0.08 —0.45) (0.50 — 2.65)
Ulex europaeusitter 29 100 5.19(8.08) 0.29(0.12) - 100.85(36.84) 93.22(36.43) 90.81(11.45)
(1.32-44.54)  (0.08 — 0.51) (35.00 — 160.00)  (30.00 — 156.67) (41.41 — 100.80)
Grassesype 1 10 100 1.90(0.99) 0.93(0.31) 2.84(0.62) 100.00(17.00) 79.00(22.92) 96.61 (.18)
(1.00-4.00) (0.40-1.30)  (1.45-3.45)  (60.00—110.00)  (43.00 — 100.00) (77.00 — 100.00)
Grassesype 2 15 94 3.53(5.50) 0.65(0.07) 1.52(0.60) 58.21(32.02) 39.86(21.03) 85.16(12.06)
(1.00-22.00) (0.55-0.72)  (0.51-1.97)  (15.00-100.00)  (15.00 — 80.00) (60.00 — 97.00)
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Effect of fuel moisture content and bulk densityrenflammability parameters

The multiple linear regression equations derivedifthe data set for each flammability parameteth) fuiel

moisture content and bulk density as independeiahlas, are given in Tables 5.a to 5.f.

Table 5.a. Multiple regression for the time to igrtion of the fuel bed

TIB: Time to ignition (s), FMC: Fuel moisture contg%), BD: Bulk density (kg ff)

Signification level for the coefficient§! = p < 0.05™ = p < 0.001

Fuel bed Multiple regression for TIB adjsted R p
Arbutus unedo TIB = 4.619 + 2.345 FMC 0.239 0.003
Eucalyptus globulus TIB = 5.614 + 0.608 FME — 0.037 BD 0.079 0.036
Pinus halepensis TIB =-0.578 + 0.294 FMC - 0.084 BD 0.180 0.001
Pinus pinaster TIB =2.742 + 0.123 FMC + 0.060 BD 0.013 0.270
Pinus pinea TIB =1.215 + 0.194 FMC + 0.170 BD 0.176 0.017
Quercus faginea TIB = 13.668 + 0.901 FMC — 0.534 BD 0.047 0.209
Quercus pubescens TIB = 7.466 + 0.881 FME — 0.204 BD 0.036 0.087
Ulex europaeus TIB =-5.760 + 0.542 FME + 0.290 BD 0.229 0.013
Grassesype 1 TIB = -0.553 + 0.030 FMC + 1.031 Bb 0.535 0.028
Grassesype 2 TIB =-7.833 + 0.857 FMC — 0.172 BD 0.267 0.061
All fuel beds TIB = 3.560 + 0.292 FM&- 0.059 BD 0.021 0.004
Pinusfuel beds TIB =-129.17 — 6.399 FMC + 9.843 b 0.239 0.000
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Table 5.b. Multiple regression for rate of fire spead

Signification level for the coefficient§! = p < 0.05™ = p < 0.001

RoS: Rate of spread (crit)s FMC: Fuel moisture content (%), BD: Bulk denglikg m°)

Fuel bed Multiple regression for RoS adjust:R? p
Arbutus unedo RoS = 0.113) — 0.008 FME&) 0.570 0.000
Eucalyptus globulus RoS = 0.284) - 0.009 FME” - 0.001 BIY 0.525 0.000
Pinus halepensis RoS = 0.394" — 0.010 FM& — 0.002 BIY 0.800 0.000
Pinus pinaster RoS = 0.368” — 0.009 FME” - 0.003 B” 0.809 0.000
Pinus pinea RoS = 0.4557 —0.013 FME” - 0.005 BD” 0.870 0.000
Quercus faginea RoS = 0.35¢7 — 0.013 FM¢E” - 0.003 BD 0.468 0.000
Quercus pubescens RoS = 0.416) - 0.017 FME” - 0.004 BB" 0.708 0.000
Ulex europaeus RoS = 0.526” — 0.014 FME” — 0.005 BIY 0.723 0.000
Grassesype 1 RoS = 14767 — 0.024 FME” — 0.017 BD 0.858 0.000
Grassesype 2 RoS = 0.623 — 0.005 FMC + 0.054 BD 0.030 418.
All fuel beds RoS = 0.434 — 0.004 FMC- 0.006 BIS" 0.284 0.000
Pinusfuel beds RoS = 0.392 — 0.011 FMG- 0.003 BES” 0.789 0.000

Table 5.c.Multiple regression for rate of fuel bed combustion

Signification level for the coefficient§) = p < 0.05¢” = p < 0.001

RoC: Rate of combustion (s FMC: Fuel moisture content (%), BD: Bulk dengitg m°)

Fuel bed Multiple regression for RoC adjusd R? p
Arbutus unedo RoC = 0.825) — 0.043 FM® 0.283 0,001
Pinus halepensis RoC = 2.008” — 0.019 FMC —0.013 BD 0.408 0.000
Pinus pinea RoC =2.028” — 0.038 FME” - 0.029 BBY” 0.611 0.000
Quercus faginea RoC = 1.42{" — 0.046 FM& — 0.016 BD 0.288 0.005
Quercus pubescens  RoC = 1.70{? — 0.039 FM&" - 0.015 BIY 0.218 0.000
Grassesype 1 RoC = 3.709 — 0.045 FMCE” +0.047 BD 0.753 0.003
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Grassesype 2
All fuel beds

Pinusfuel beds

RoC = 3.430 — 0.190 FMC + 0.108 BD
RoC = 1.542 — 0.006 FMC — 0.012BD

RoC = 1.786 — 0.049 FMt- 0.006 BB

0.000

0.109

0.426

8.68

0.000

0.000

Table 5.d.Multiple regression for maximum flame height

Signification level for the coefficient§! = p < 0.05™ = p < 0.001

FH (cm): Maximum flame height, FMC: Fuel moistuantent (%), BD: Bulk density (kg )

Fuel bed Multiple regression for FH adjused R? p
Eucalyptus globulus ~ FH = 120.99” —3.465 FME” - 0.576 BIY 0.469 0.000
Pinus pinaster FH = 132.187 —3.157 FME" - 1.209 B” 0.755 0.000
Pinus pinea FH = 100.28” - 2.499 FME” — 1.303 BIS” 0.668 0.000
Quercus faginea FH = 50.3¢6" — 2.106 FME” - 0.469 BD 0.299 0.000
Ulex europaeus FH = 170.2{” - 3.821 FME? — 1.748 BIY 0.648 0.000
Grassesype 1 FH = 124.29 — 1.025 FME — 1.434 BD 0.408 0.000
Grassesype 2 FH = 126.68 — 5.669 FME + 5.921 BD 0.483 0.418
All fuel beds FH = 99.77 — 2.273 FM€ - 0.535 BS" 0.159 0.000
Pinusfuel beds FH = 102.68 — 3.149 FM- 0.523 BIY” 0.535 0.000

Table 5.e. Multiple regression for mean flame heigh

Signification level for the coefficient§) = p < 0.05¢” = p < 0.001

MFH (cm): Mean flame height, FMC: Fuel moisture tam (%), BD: Bulk density (kg i)

Fuel bed Multiple regression for MFH R adjusted

Eucalyptus globulus ~ MFH = 112.1Y" — 3.374 FME” — 0.604 B’  0.415 0.000
Pinus pinaster MFH = 119.98" — 2.891 FM¢&? - 1.110 B”  0.700 0.000
Pinus pinea MFH = 78.16" — 2.142 FME? - 1.059 BDY” 0.758 0.000
Quercus faginea MFH = 41.31" - 1.632 FME” - 0.448 BD 0.312 0.002
Ulex europaeus MFH = 159.86"7 —3.835 FME? —1.570 B’  0.610 0.000
Grassesype 1 MFH = 111.97” — 1.690 FME&” + 1.614 BD 0.812 0.001
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Grassesype 2 MFH = 82.51 — 3.484 FM& + 3.217 BD 0.393 0.025
All fuel beds MFH = 86.73 — 2.348 FMC - 0.353 BY 0.173 0.000

Pinusfuel beds MFH = 82.78 — 2.887 M- 0.241 BIY 0.411 0.000

Table 5.f. Multiple regression for fuel comsumption ratio
Signification level for the coefficient§! = p < 0.05™ = p < 0.001

FCR (%): Fuel consumption ratio, FMC: Fuel moistaoatent (%), BD: Bulk density (kg

Fuel bed Multiple regression for FCR adjustd R p
Eucalyptus globulus  FCR = 126.88) —0.877 FMC — 1.107 BD 0.187 0.000
Pinus pinaster FCR = 131.947 — 0.418 FMC — 1.286 BYY 0.682 0.000
Pinus pinea FCR = 95.3§7 - 0.114 FMC - 0.103 BB 0.108 0.061
Quercus faginea FCR = 131.58 — 3.344 FME& - 2.275 BIY 0.320 0.001
Ulex europaeus FCR = 106.58" — 0.600 FM& — 0.513 BD 0.167 0.035
Grassesype 1 FCR = 108.28" — 0.468 FM&) — 0.939 BD 0.523 0.031
Grassesype 2 FCR = 85.94 — 1.019 FMC + 6.923 BD 0.000 p.64
All fuel beds FCR = 105.21 — 0.656 FMG- 0.659 BIY" 0.165 0.000
Pinusfuel beds FCR =113.23 - 0.372 FM — 0.859'BD 0.584 0.000

In the case ofvoody specieditter , both moisture content and bulk density, for tbesidered ranges, generally
produce a significant effect on the rate of sprefthe fire (Table 5.b) and on the maximum and mi¢eme
height (Tables 5.d and 5.e). The coefficients @gative, so these parameters increase when aithlembisture
content and bulk density decrease. Neverthelessefflect of bulk density is not significant in ttests for the
rate of spread witlQuercus fagineditter. The adjusted Rvalues for coniferous species are higher than the
values for hardwood species. This is probably duéhé fact that needles constitute more homogengaais
beds than leaves. On the contrary, for the littéPious pinasterQuercus fagineandQ. pubescenseither the
fuel moisture content nor the bulk density havegaiicant effect on the time to ignition of fuektls (Table
5.a). However, this result is not in contradictiwith classical bibliography (e.g. Trabaud 1976; éfed 1988;
Hernando 1989) which highlights an increase oftitme to ignition of forest fuel with increasing fumoisture

content. The difference is due to the method usetis work. In previously mentioned studies, flaafoitity is
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induced using a calorific focus on which the sammévegetation are laid, and a pilot flame thattdbute to

the ignition of the gases, whereas, in the presteioly, the heat source is an ignited piece of varatithe fuel is
composed of a continuous stratum. Nonetheless, wherffect of independent variables is significaheir

influence is positive, so the time to ignition imases with the increasing moisture content or bielksity.

Exceptions apart, a significant effect of indeperideriables has not been established on the fatenabustion

(Table 5.c) or on the fuel consumption ratio (Teh®. However, when these variables have a sicanifi effect,

it is negative. Therefore, both rates (of combustmd of spread) are positively correlated, witeffioients

varying between 0.550 and 0.902. In the casgra$ses fuel moisture content generally produces a sicgmitt

effect on the parameters of flammability; this effis negative, except for time to ignition. Bulérity does not
have a significant effect on these parameters.

On the whole, an increase of the moisture contedtlkaulk density of litters implies an increase loé t
values of time to ignition and a reduction of ththey parameters. Focusing on the effect of fuelsinog
content, grasses are more sensitive to the effagbiofactor than other litter, th&rbutus unedditter being the
least sensitive fuel bed to FMC changes.

If data set of all the fuel beds or all tRénuslitters are merged to calculate the flammabiligrgmeters
(Table 5.a to 5.e), equations obtained in this casesignificant for all these parameters. Thesfdor the
considered ranges and selected methodology, fpel ity not significant in the variation of the flamibility

parameters.

Table 6 shows the logistic model of prediction lé tignition probability for the merged fuel bed®. (

halepensis, Q. pubescens, A. unkitler beds) as a function bulk density (BD) andlfmoisture content (FMC).

Table 6. Model of prediction for ignition probability

Merged fuel beds (N=282)

pi)=€/1+¢€

with z = 1.155 + 0.032*BD — 13.925*FMC

p(i) : probability of ignition ; BD : bulk densityFMC : fuel moisture content
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The both variables of the model are statisticaliyigicant (BD: Chi-square=7.13, p=0.0076 ; FMC:iCh
square=9.74, p=0.0018). The results of the logistgression show that there is a significant retednip
between these variables (p<0.05). BD contributestipely and moderately to the ignition probabilifpr each
kg/m® of BD, the ignition probability increases 1.03ghéis). This could be due to the fact that thereoatg 4
different values of BD in the dataset. FMC is nagdy related to the ignition probability but itemtribution is
very low (for each % of FMC, the ignition probabjlidecreases 9 T0time). This is due to the low range of
FMC values (1% to 11%) because the litter beds teeh previously dried (air-dried or oven-dried).eTh
goodness of fit Chi-square, used to test if the ehdits the data, shows that the logistic regrassioes not

adequately fit the observed data (Chi-square =713%%0.003).

Comparison of regression lines for the predictiénhe Rate of Spread

The linear regression models for the predictioiRafe of Spread (R8Bwith fuel moisture content (FMC)
as independent variable were compared, groupingbfeds in four types (Figure 3): (Binus litters Pinus
halepensis P. pinasterand P. pineg, (2) hardwood litters Eucalyptus globulysQuercus fagineaand Q.
pubescens (3) bush litters Arbutus unedand Ulex europaeus and (4) grassedype landtype 2. In this
comparison, bulk density is not considered. Theegfeach RoS vs FMC relationship is establishecafuel
bed type presenting a range of bulk densities.

For thePinuslitters, the conditional sum of squares shows thate are statistically significant differences
among the slopes and among the intercepts forahieus values oPinuslitters, so the regression coefficients
of the RoS relationships for the threauslitters are differentPinus halepensitter is more sensitive to fuel
moisture content variations ¥R 0.79), and®. pinasterlitter the least sensitive {R= 0.52). When the FMC is
low (< 5%), the highest RoS value is obtained Witlpinealitter, and the lowest witR. pinastefitter.

For the hardwood litters, the conditional sum ofi@gs indicates that there are statistically sicgmitt
differences among the slopes and among the interdéepthe various values of hardwood litters. Aswn in

Figure 3,Eucalyptus globulustter is the least sensitive to FMC variationg €R0.48) andQuercus pubescens

“ It is important to stress that, in this work, Re$he time required by the fire to reach one sitithe sample,

corresponding to a distance of 0.35m and no wind.
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RoS vs FMC for Pinus litters

0,450
0,400
0,350
0,300 & Pinus halepensis
Q) W Pinus pinaster
E 0,250 A Pinus pinea
E 0,200 Lineal (Pinus halepensis)
© Lineal (Pinus pinaster)
0,150 Lineal (Pinus pinea)
0,100
0,050
0,000 T T T
0,00 5,00 10,00 15,00 20,00
FMC
Species Constant FMC R2 P
Pinus halepensis 0.3108 - 0.0200 0.7882 0.000
Pinus pinaster 0.2593 - 0.0089 0.5232 0.000
Pinus pine 0.395¢ - 0.0147 0.716( 0.00C —

RoS vs FMC for bush litters

0,600
0,500 4 ®
0,400 4
@ * Arbutus unedo
€ m  Ulex europaeus
£ 0,300
%] ——Lineal (Arbutus unedo)
& —— Lineal (Ulex europaeus)
0,200 4
0,100 4
0,000
0,00 5,00 10,00 15,00 20,00 25,00
FCM
Species Constant FMC R2 P
Arbutus unedo 0.1126 -0.0079 0.5701 0.000
Ulex europaeus 0.4173 -0.0134 0.6554 0.000

RosS for hardwood litters
0,500
0,450 -
0,400 A
0,350 A
s @ Eucalyptus globulus
2 0,300 4 B Quercus faginea
S 0‘250 i A Quercus pubescens
%) Lineal (Eucalyptus globulus)
& 0,200 4 Lineal (Quercus faginea)
0,150 Lineal (Quercus pubescens)
0,100
0,050 A
0,000 T T T
0,00 5,00 10,00 15,00 20,00
FMC
Species Constant FMC R2 P
Eucalyptus globulus 0.2362 - 0.0089 0.4788 0.000
Quercus faginea 0.2951 -0.0123 0.4762 0.000
Quercus pubescens 0.3439 -0.0185 0.6280 0.000

RoS has been calculated for a distance of 0.3%ochno wind

RoS vs FMC for grasses

1,400
1,200
1,000
’g o Grassestype 1
£ 0,800 W Grasses type 2
§ Lineal (Grasses type 1)
0,600
0,400
0,200 T T T T T
0,0 10,0 20,0 30,0 40,0 50,0 60,0
FMC
Type of grass Constant FMC R? P
Type 1 1.4351 -0.0240 0.8877 0.000
Type 2 0.9596 -0.0287 0.1526 0.386l
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the most sensitive @R= 0.63). When the FMC is low, the lowest RoS vatuebtained with th&ucalyptusditter
and the highest witQuercus pubescettitter.

For the bush litters, the conditional sum of sqsanelicates that there are statistically signiftadifferences
between the intercepts of both bush litters, btityedween the slopes, so both litters have a sirsédasitivity to
FMC variations. When it is low, the RoS of théex litter is higher than the RoS of thebutusone.

For the grasses, the conditional sum of squaresdted that there are statistically significanfeténces
between the intercepts of both grasses. When FNt@visthe RoS ofype 1lis higher than the RoS tfpe 2 but

for this last type, no high values of FMC were releal.

Firebrands tests

In this experiment, 3669 samples were tested tesagbe capability of several types of firebramdighite
fuel beds, under different conditions. Table 7 pnés the results concerning the ignition frequentythe

selected fuel beds according to different statdgeatfrand (flaming or glowing), with or withoutreflow.

Effect of air flow, firebrand and fuel bed on theelfbed ignition frequency

The highest ignition frequencies are obtained Mldiming firebrands (and no air flow), for all fubkeds
(Table7). With Pinus halepensjsthe ignition frequencies are always higher th@foSTable 7.a). With the
glowing firebrands and an air flow of 0.8 M, svhatever the direction, the results are lowen t6@%, with the
exception of aP. halepensigone onPinus pineaneedle bed (92.5%, 67.5%), B) halepensione on grass
bed with oblique air flow direction (67.5%), ) pineacone scales oR. pineaneedle bed with oblique air flow
direction (57%) and ducalyptus globulubark onPinus pinastemeedle bed whatever the air flow direction
(82.5%, 55%). Generally, when the air flow direntis oblique, the results are higher than whenaihdlow
direction is horizontal (Table 7.b). Indeed, thatistical tests (Kruskal-Wallis) show that teiéect of air flow is
significant for the tested firebrands and fuel b@¢i&/ = 1040.73; p = 0.000), the lowest frequengika.55%)
occurring with horizontal air flow (at 0.8 m*sand with glowing firebrands) and the highest owith no air
flow but with flaming firebrands (72.57%). In ordes remove the effect of the firebrand state (flagnor
glowing), the test was performed without the ddttaimed with no air flow. The result remains theneg KW =

76.49; p = 0.000) and the highest frequencies B)7occur here with the air flow of 4.5 i goblique
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Table 7. Ignition frequency (%) of the fuel beds according ¢ the type of firebrands, their state and test conitdons

a. Flaming firebrands, Air flow = 0 m s, N = 40, FMC: Fuel moisture content (average data)

Pinus halepensiseedle bed Pinus pineaneedle bed Pinus pinasteneedle bed Eucalyptus globuluteaf bed Cured grass bed
Firebrand (Air-dried FMC=3.9%) (FMC = 11.3%) (FMC = 3.98%) (FMC = 3.3%) (FMC = 9.2%)
P. halepensiswig 97.5
P. halepensidark 55
P. halepensisone scale 100
P. halepensisone 100 95
Quercus ilexeaf 92.5 80 82.5
Quercus ilexacorn 40 47.5
Quercus subebark 65
P. pineatwig 77.5 75
P. pineabark 35 80
P. pineacone scale 375 725
P. pinastetbark 425 325
P. pinastercone scale 100 100
Pinus radiatabark 45 20
E. globulusbark 97.5 100
E. globuludeaf 97.5 (N=39) 90
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b. Glowing firebrands, Air flow = 0.8 m s?, oblique or horizontal direction, N = 40, FMC: Fud moisture content (average data)

Pinus pineaneedle bed Pinus pinasteneedle bed Eucalyptus globulugeaf bed Cured grass bed
(FMC = 11.3%) (FMC = 3.98%) (FMC = 3.3%) (FMC = 9.2%)

Firebrand

Air flow oblique Horizontal oblique horizontal oblique horizontal oblique horizontal
P. halepensisone 92.5 67.5 67.5 175
Quercus ileXeaf 25 0 0 0
Quercus ilexacorn 37.5 12.5 0 0
P. pineatwig 25 0 125 15
P. pineabark 225 5 175 25
P. pineacone scale 57.5 10 7.5 5
P. pinasterbark 20 15.4 (N=64) 25 12.5
P. pinastercone scale 0 5 0 2.4 (N=41)
Pinus radiatabark 25 175 0 (N=41) 7.5
E. globulusbark 82.5 55 20 22.5 (N=45)
E. globuludeaf 25 0 (N=39) 0 0
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c. Glowing firebrands, Air flow = 2.5 or 4.5 m &, oblique direction, N = 40

Pinus halepensiseedle bed

(Air-dried FMC=3.9%)

(Oven-dried FMC=0%)

Firebrands

Air flow 25még 45m#g 25még 45még
P. halepensiswig 7.5 47.5 325 65
P. halepensibark 35 60 30 62.5
P. halepensisone scale 0 7.5 0 10
Quercus ileXeaf 5 0 0 0
Quercus subebark 17.5 12.5 10 52.5
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direction). The ignition frequency increases witle &ir flow value. When the air flow directions lighe and
horizontal at 0.8 m'Y are compared (Mann-Whitney test performed onlydata presenting an ignition
frequency > 50%), the ignition frequencies are ificamtly higher with the oblique air flow (than thi the
horizontal one (87.5%s 61.25%; KW = 840; p = 0.0001). The effect of tlireflaw (ignition frequencies at 2.5
m st vsignition frequencies at 4.5 mswas not tested because of the low ignition fregies obtained in the

experiment (Table 7c).

The effect of firebrand type is also significant (KW = 586.29; p = 0.000), tbevest frequencies occurring
with E. globulusandQ. ilexleaves (0.63%) and the highest ones Witihalepensisone (61.25%) which seems
the most efficient firebrand to ignite a fuel bdhe test is performed only on the data obtawét no air flow
and flaming firebrands, the result remains the s@ftwe¢ = 319.95; p = 0.000), the highest rates odagrwith
P. pinasterandP. halepensisone scales (100%) and the lowest ones Riitlus radiatabark (32.50%).

Theeffect of fuel bed typeis significant on the ignition frequency (KW = 88; p = 0.000) with the lowest
frequencies occurring with th&. globulusleaf bed (6.88%) and the highest ones with thenaréeed
P. halepensisneedle bed (26.25%). If the test is performed amiythe data obtained with no air flow and
flaming firebrands, the result remains the same (K\29.16; p = 0.000), the highest frequencies atuythere
with air-dried P. halepensisieedle bed (82.00%) and the lowest ones Witlpineaneedle bed (61.25%). In
Table 7.c, the results obtained with oven-difechalepensisieedle bed are generally higher than with an air-
dried fuel bed, and with an air flow of 4.5 i, svhatever the type of glowing firebrands. Theistal test
performed to test the effect of fuel bed moisturatent (Mann-Whitney test performed only on datspnting
an ignition frequency > 50%) shows that the igmitieequencies obtained with air-dri€d halepensiseedle
bed are not significantly different from those abeal with oven-dried. halepensisieedle one (W = - 40; p =
0.87).

The important role of the type of fuel bed, of firand, of FMC and of air flow has been previoustyea
by several authors. Baker (2005) and BabrauskaB2§2@ported that, for Douglas-fir trees with a stoie
content exceeding 70% it was not possible to sudtarning after ignition, whereas between 30 ané 70
moisture content the burning will be partial, aredolw 30% the burning will be total after ignitioMlanzelloet
al. (2006c), using firebrands from Douglas-fir treesre unable to sustain a flaming ignition when dtiesl
hardwood mulch beds were held at 11% moisture ooiet succeeded if the fuel bed was dry. Whatéver

moisture content, they obtained ignitions with flaghfirebrands for pine straw mulch beds and tHeysed the
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influence of FMC and air flow on ignition eventsgrass beds. Ellis (2000) obtained a 100% ignitiequency
with no air flow and flaming eucalyptus firebrandhewn the fuel bed moisture content was less tham®dmo
ignition when glowing firebrands were used in thens conditions. However, with an air flow of 1 thand a
FMC<3%, they were able to obtain up to 50% ignitfeequency. Manzell@t al. (2006a) produced flaming
ignition of pine needle bed (FMC from 0 to 11%)ngsk flaming firebrandRinus ponderogawith an air flow

of 0.5 m &. No ignitions were observed as a consequencengfesglowing firebrand, even with an air flow of
1m s'in contrast to Ellis (2000) who usdflicalyptus spas a firebrand. In Manzellet al’s experiments
(2006a), the fuel bed ignition was only possibléhvglowing firebrand if there were more than omrelfrand (4

in the study) released on the fuel bed. Moreovemaélloet al (2006b) showed that the flux of firebrands, their

size and the degree of air flow are important patens to determine the ignition propensity of d hesl.

Effect of air flow, firebrand and fuel bed on theelfbeds time-to-ignition

Table 8 shows the time-to-ignition of the differdnel beds according to the firebrand type andh® t
conditions chosen for the experiment. With no mwfand flaming firebrands, the time-to-ignitionlwes vary
from 2.5 s Pinus pineabark on grass bed) to 12.56F pineacone scales oR. pineaneedle bed), depending
on the fuel bed and the state of the firebrandd uséhe experiment (Table 8.a). TQeilexleaves always give
the shortest time to ignition values (3.09 s, Ip@hatever the fuel bed, on the contrary, theltesuth Pinus
pinasterbark are always high (10.53 s, 7.23 s), whatelverftiel bed. WithPinus halepensiseedle bed and
glowing firebrands (Table 8.c), the time-to-ignitigenerally decreases when the air flow increasegever the
moisture content of the fuel bed. Here, the aiwfkeems to be the factor with the strongest effadeed, the
non-parametric test (Kruskal-Wallis) performed be time to ignition data show that thffect of air flow is
significant for the tested firebrands (test onlyfpened on samples of fuel beds having burnt; K\852.29; p =
0.000). The highest values occur with an air fld.& m §' (oblique direction) and glowing firebrands (4355
in average) and the lowest ones with no air flowweith flaming firebrands (5.42 s in average). Agdve, with
the ignition frequency, these low values resultenoom the flaming firebrands than the absenceardiaw. In
order to remove this effect, the test was performittiout the data obtained with no air flow andnflag
firebrands. The air flow effect remains signific§dV = 12.06; p =0.007) and the lowest values oaitin an
air flow of 4.5 m & and an oblique direction (23.51 s in average). Tasstype of air flow seems to be the most

efficient to ignite a fuel bed, and in order to fion this result, the air flow directions (obliqaad horizontal, at
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Table 8. Time-to-ignition (s) of the fuel beds aceding to the different firebrands and tested conditons (mean and standard deviation). -: no ignitiorof the fuel bed

a. Flaming firebrands, Air flow = 0 m s*, FMC: Fuel moisture content, N=40

Pinus halepensiseedle bed Pinus pineaneedle bed Pinus pinasteneedle bed

Eucalyptus globuluteaf bed

Cured grass bed

Firebrand (Air-dried FMC=3.9%) (FMC = 11.3%) (FMC = 3.98%) (FMC = 3.3%) (FMC = 9.2%)
P. halepensiswig 7.99(6.11)
1.73-39.2
P. halepensidark 7.63(3.69)
2.55-18.83
P. halepensisone scale 5.28(2.39)
2.32-12.67
P. halepensisone 4.40(3.34) 8.74(13.31)
1-18 1-64
Quercus ileXeaf 3.66(2.56) 3.66(1.29) 3.09(1.31)
1.41-13.86 1-6 1-8
Quercus ilexacorn 5.38(3.12) 3.89(1.79)
2-15 1-8
Quercus subebark 8.01(3.12)
2.67-15.73
P. pineatwig 5.39(4.18) 3.81(3.24)
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2-17 1-19
P. pineabark 8.21(4.48) 2.50(1.61)
3-19 1-7
P. pineacone scale 12.56(5.37) 4.41(6.79)
5-22 1-30
P. pinastetbark 10.53(13.96) 7.23(3.32)
1-62 3-12
P. pinastercone scale 4.95(1.95) 5.40(3.44)
1-11 2-18
Pinus radiatabark 9.06(9.96) 6.00(3.16)
4-48 3-13
E. globulusbark 3.87(0.86) 4.05(1.08)
2-5 2-8
E. globuludeaf 3.64(1.22) 5.33(2.50)
2-7 2-12
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b. Glowing firebrands, Air flow = 0.8 m s, oblique or horizontal direction, FMC: Fuel moisture content, N=40

Pinus pineaneedle bed

(FMC = 11.3%)

Pinus pinasteneedle bed

(FMC = 3.98%)

Eucalyptus globuluteaf bed

(FMC = 3.3%)

Cured grass bed

(FMC = 9.2%)

Firebrand
Air flow Oblique Horizontal Oblique horizontal oblique horizontal oblique horizontal
P. halepensisone 23.51(21.17) 50.26(35.00) 31.46(57.45) 43.86(43.29)
3-81 18-163 1-266 3-131
Quercus ileXeaf 19.00(N=1) - - -
Quercus ilexacorn 55.00(27.77) 57.40(27.11) - -
15-103 33-104
P. pineatwig 10.00(N=1) - 4.20(2.77) 2.67(1.37)
2-9 1-5
P. pineabark 27.89(26.09) 72.00(43.84) 33.71(26.68)  63.00(N=1)
6-81 41-103 2-70
P. pineacone scale 43.35(25.47) 77.00(50.41) 12.75(9.88) 2.50(0.71
6-105 29-123 2-23 2-3
P. pinasterbark 73.74(68.30)  30.99(20.20)  64.90(N=1)  26.14(15.04)
23.02-209.36 8.1-71.29 15.8-49.4
P. pinastercone scale - 10.47(0.37) - 16.00(N=1)
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10.21-10.73

Pinus radiatabark 69.90(N=1) 54.68(45.80) - 63.39(47.62)
7.08-119.75 26.9-117.26
E. globulusbark 14.99(9.87) 10.28(5.40) 9.10(6.75) 15.09(2.89)
5.38-55.4 3.16-27.11 2.79-24.88 11.8-20.6
E. globuludeaf 13.96(N=1) - - -

c. Glowing firebrands, Air flow = 2.5 or 4.5 m &, oblique direction, N = 40

Pinus halepensiseedle bed

(Air-dried FMC=3.9%)

(Oven-dried FMC=0%)

Firebrands
Air flow 25még 45még 25még 45még
P. halepensiswig 16.49(12.36)  20.04(16.47)  17.56(19.31)  14.35(17.51)
7.64-30.61 4.14-54.69 1.58-68.06 3.8-77.99

P. halepensibark 55.68(52.36)

19.29(12.26)

28.00(26.15)

25.13(19.12)

11.66-187.03 6.35-54.55 7.02-103.71 2.69-87.81
P. halepensisone scale - 24.61(26.92) - 10.01(2.75)
7.11-55.6 6.24-12.39
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Quercus ileXeaf

13.16(0.18)

13.03-13.28

Quercus subebark

94.68(39.55)

25.33-153.38

46.59(32.74)

6.3-87.54

78.24(43.11)

28.5-130.57

37.83(33.48)

1.25-127.88
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0.8 m &) are compared (using only the ignition frequendiggher than 50%): the mean time-to-ignition is
significantly higher (32.31 s) with the horizongt flow than with the oblique one (19.49 s; ManiiitNey test:
W =-377.5 and p = 0.042). The effect of air flolswnot tested because of the low ignition frequencbtained

with these conditions (2.5 and 4.5 H).s

The statistical tests show that #féect of firebrand type is also significant (KW = 132.20; p = 0.000), the
lowest values of time-to-ignition occurring wikh pineatwigs (3.92 s) and the highest ones wihus radiata
bark (58.44 s), confirming that it is the leasti@éint glowing firebrand. When the tests are perfed on data
obtained with no air flow and flaming firebrandeetresult remains the same (KW = 153.64; p = 0,00@)
highest values occurring with. pinasterbark (9.10 s) and the lowest ones withercus ileXeaves (3.37 s).

With glowing firebrands and an air flow of 0.8 m €Table 8.b), whatever the air flow direction, tirae-
to-ignition generally shows a large increase comgdo the results obtained with flaming firebrafdg to 77
s). Exception to this are &ucalyptus globuludark onE. globulusleaf bed with an oblique air flow direction
(9.1s), b)P. pineatwigs on grass bed (4.2 s) whatever the air flowation and cP. pineacone scales on grass
bed with an horizontal air flow. These types ofl foeds and firebrands have a stronger influenctherime-to-
ignition than the air flow speed and direction. éating to the statistical tests, thype of fuel bed has a
significant effect on the time-to-ignition (KW = 35; p = 0.000), the most flammable fuel bedskarglobulus
leaves with the lowest values (22.34 s) and thst lf@mmable ar®. pineaneedless (41.13 s). When the tests
are performed on data obtained with no air flow #laching firebrands, the result remains the sam@/ (K
79.39; p=0.000) but the highest values occur hetle thie air-driedP. halepensisieedle bed (6.30 s) and the
lowest ones with the dried grasses (4.58 s). Contgthe effect of fuel bed moisture content (Malhitney
test performed only on data presenting an igniffequency > 50%), the time-to-ignition values obéal with
air-dried P. halepensisieedle bed are not significantly different frone thalues obtained with oven-driéd

halepensigieedle beds (W= - 37; p = 0.70).

Statistical analysis of the ignition probability

Table 9 shows the logistic models of predictiontha# ignition probability for each type of fuel beak a

function of the type of firebrand, according to #iate of the firebrand (flaming or glowing) ane tr flow

condition. Table 10 shows the observed ignitiorctfoen and predicted ignition probabilities for thene

35



equations presented below. When the type of ligemot included in an equation, the showed observed

ignition fraction is the average of the observetltign fraction of each type of litter.

Table 9.Models of prediction for the ignition probability f or each level of variable

Pinus halepensis needle bed

Flaming firebrands (n = 200) and no air flow

Equation 1 : Log(Pi/1-Pi) = 3.664 + 0.00 FB1 + 7.1#/B2 — 3.05 FB3 — 3.46 FB4 — 1.15 FB5

Glowing firebrands (n = 400) and 2.5 fhablique air flow

Equation 2 : Log(Pi/1-Pi) = -3.258 + 0.003 W + 0.0BB1 — 24.68 FB2 — 0.097 FB3 — 0.124 FB4
—3.82 FB5 + 0.229 SUR - 0.637 VOL + 0.00 LIT 1 456 LIT2

Glowing firebrands (n = 400) and 4.5 fhablique air flow

Equation 3 : Log (Pi/1-Pi) = - 1.976 + 0.00 FB1 =30 FB2 — 0.49 FB3 + 1.13 FB4 — 22.73 FB5

+0.003 W+ 0.00 LIT1 + 0.958 LIT2 — 0.389 VOL

Pinus pinea needle and grass beds

Flaming firebrands (n = 480) and no air flow

Equation 4 : Log (Pi/1-Pi) = 0.445 + 0.00 FB6 - 163 FB7 - 1.363 FB8 + 0.2258 FB9 —
0.6352FB10 -1.399 FB11 + 0.00 LIT3 + 0.8175 LIT4+ 0.078UR

Glowing firebrands ( n = 480) and 0.8 thisorizontal air flow

Equation 5 : Log (Pi/1-Pi) = -17.00 +0.00 FB6 + 765 FB7 + 8.647 FB8 + 8.227 FB9 +
9.199FB10 + 8.386 FB11 + 0.010 VOL + 0.5684 ML

Glowing firebrands (n = 480) and 0.8 fhablique air flow

Equation 6: Log (Pi/1-Pi) = -9.932 + 0.00 LIT3 - 2.483 LIT4 6.00 FB6 + 0.1028 FB7 + 3.324

FB8 - 0.5021 FB9 + 2.028 FB10 + 2.491 FB11 + 0.1639R + 0.8707 MF

Eucalyptus globulus leaf bed andPinus pinaster needle bed
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Flaming firebrands (n = 400) and no air flow

Equation 7 : Log (Pi/1-Pi) = 2.10 + 0.00 FB12+ 2869FB13 -0.449 FB14 + 4.905 FB15 +

3.649FB16 - 0.0423 BD - 0.227 ML

Glowing firebrands (n = 430) and 0.8 fhlsorizontal air flow

Equation 8 : Log (Pi/1-Pi) = -3.610 + 0.00 FB12 +1r04 FB13 + 0.0113 FB14 + 2.132 FB15 -
27.25 FB6 + 0.666 W + 0.1037 SUR - 0.1107 MF

Glowing firebrands (n = 401) and 0.8 fhablique air flow

Equation 9 : Log (Pi/1-Pi) = - 3.153 + 0.00 FB1220.61 FB13 - 2.486 FB14 + 3.375 FB15 -

4.963 FB16 + 0.00 LIT5 - 3.335 LIT6 + 0.1604 SUR

Pi : probability of ignition

Symbols for qualitative variables

LIT (Fuel bed): LIT1=Pinus halepensiseedles (FMC=3.9%, no BD values), LITRius halepensiseedles (FMC=0%, no BD values),
LIT3=Pinus pineaneedles (FMC=11.3%, BD=12.35 kg*jn LIT4=cured grasses (FMC=9.2%, BD=4.63 kg)mLIT5=Pinus pinaster
needles (FMC=4.0%, BD=9.55 kg¥n LIT6=Eucalyptus globuluteaves (FMC=3.3%, BD=15.75 kg

FB (firebrand): FB1Pinus halepensiswigs, FB2+inus halepensisone scales, FBZuercus subebark, FB4Pinus halepensibark,
FB5=Quercus ilexleaves, FB6Quercus ilexieaves, FB7Rinus pineabark, FB8®inus pineacone scales, FB®nus halepnsis twigs,
FB10=Pinus halepensisone, FB118uercus ilexacorn, FB12Rinus pinastebark, FB13®inus pinastecone scales, FB1#inus radiata

bark, FB15€ucalyptus globulubark, FB16£ucalyptus globuluteaves.

Symbols for quantitative variables

W: Firebrand weight (g), SUR: Firebrand surfacearitact with the fuel bed (& VOL: Firebrand volume (cfjy MF: Firebrand moisture

content (%), BD: Bulk density of the fuel bed (kg)nML: Fuel bed moisture content (%)

In Equation 1 (flaming firebrands and no air flddinus halepensiaeedle bed), the only variable included
in the model is the firebrand typ@uercus subebark (FB3) andPinus halepensibark (FB4) have the highest
negative coefficients in the equation, indicatihgttboth firebrands have low ignition probabilitigbserved
ignition frequency = ignition probability, Pi = G6and Pi = 0.55, respectively), and would be thestle
flammable firebrandQuercus iledeaves (FB5) also have a negative coefficient,itsubwer value involves a
higher ignition probability (observed ignition freency = ignition probability, Pi = 0.92P. halepensisone
scale has the highest ignition probability (100#@ttwould be attributed to the higher presenceesins than in
the other firebrands. Explosion Bf halepensigone during crown fires that disperse many firetsahas been
frequently observed (Leoret al, 2000). The decrease in the log likelihood was lout the Hosmer-Lemeshow

test indicates that this model has a relativelydgiito
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In Equation 2 (glowing firebrands, air flow of 208 s*, P. halepensisieedle bed), the firebrand weight is
the first variable included in the equation andtdbntes positively and moderately to the ignitiorobability.

The ignition probability increases 1.003 time$°f@= 1.003) for each extra gram of firebrand. Thiseag with
Blackmarr (1972), who found that this probabilincieased with the mass of ember. FB is the secaridble
included in the model, all the firebrand types hava low ignition probability, especially FBP.(halepensis
cone scales) and FBR(ercus ilexeaves). SUR contributes positively to the fittoé model, increasing the
ignition probability by 1.26 times for each trmf extra firebrand surface. By contrast, VOL papétes
negatively in the equation; in this case, an irseeaf 1 crii of the firebrand volume caused a decrease of 0.47
times the ignition probability. In contrast withetlexperiments with no air flow, wheRinus halepensisone
scales were the particles with the highest ignipoobability, here, this type of firebrand had apew ignition
probability (Pi = 0-10%, observed frequency = 0%)is could be due to the small size of the glowpagticles
that could limit heat transfer to litter bed by daotion, whereas, with flaming firebrands, thetheansfer
depends more on own flame phase than mass. Air ¢lmeling could also contribute to this low probéil
Quercus ilexleaves showed a similar trend: high ignition pradli@bwhen in flame phase and a very low
ignition probability when dropped in glowing phg$d = 1%, observed frequency = 0-5%). The log Ikabd
decrease was low, and the value of Hosmer-Lemeshiteria is low, suggesting that the probabilistiodel
does not fit adequately.

In Equation 3 (glowing firebrands, air flow of 45s?, P. halepensisieedle bed), FB (type of firebrand) is
the first variable involved in the prediction modahdP. halepensidark is the firebrand type with the highest
ignition probability. Both Brand weight and LIT heva positive sign, however VOL participates withegative
sign in the equatiorRinus halepensibark plates showed the lowest probability of igmitdf the litter bed when
dropped in the flaming phase without air flow (5586 one of highest probabilities when it fell lire tglowing
phase and with air flow. In both cases the proliasl of ignition were similar. The latter suggesitsit a
compensation effect between a supplementary oxyygply (positive) and a decreased heat transfer (by
conduction) could occuP. halepensisone scales anQuercus iledeaves have a low ignition probability as in
the above model, independent of the air flow véyodihis model has the best fit of all those baweditter of P.
halepensisieedles.

In Equation 4 (flaming firebrands, no air floRinus pineaneedle bed and grass bed), the firebrand type is
the first variable involved in the ignition probltyi. Both LIT (type of fuel bed) and SUR (firebrarsurface)

contribute positively but weakly to the fit of theodel. Pinus halepensisone scales are the firebrands with the
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highest ignition probability followed bRuercus ileeaves andPinus pineatwigs. When the litter bed was
cured grasses (LIT 4) the probability of ignitiomsv2.26 times higher than the litter bedPofpineaneedles.
This model does not have a good fit.

In Equation 5 (glowing firebrands, 0.8 it Rorizontal air flow,P. pineaneedle bed and grass bed), the
weight of the firebrand is the first variable ing&d in the model, removed afterwards. The secoridhla is the
ML (fuel moisture content of the fuel bed), with amexpected positive relation. This could be duténarrow
range of values of this variable (7.2% to 13.0%)tHis equation, VOL (volume of the firebrand) issfively
related with the ignition probability, but its caibution is low (for each cfof firebrand volume, ignition
probability increases 1.01 times). In these tesdi®mns, Pinus halepensisone also had the highest ignition
probability and all the other brands had very lgwition capability. This model has an acceptatilewith the
exception of the Hosmer-Lemeshow criteria.

In Equation 6 (glowing firebrands, 0.8 m sblique air flow,P. pineaneedle bed and grass bed), the weight
of the firebrand is once more the first variabléeeing the prediction equation, removed afterwalde second
variable is LIT, negative in the case of LIT 4 (gges). Change in probability of ignition as a figrctof
different fuel beds has been described by sevethbss (Hargrove 2000; Lin 1999). The equation a&istudes
FB, SUR and MF as variables. While the ratios ef ignition probability of the different types of bar were
very similar to those in tests conducted with hamial air flow, the trend was different to thosesetved
without air flow. SUR increased the probabilityighition by 1.19 times. The values of the Hosmemkeshow
probability are low suggesting a poor fit.

In Equation 7 (flaming firebrands, no air floRinus pinasteneedle bed anBucalyptus globuluteaf bed),
the variable that most influences the ignition pataibty is the firebrand type which results in &gt decrease in
the log likelihood;Pinus radiatabark is the only firebrand that has a negativati@h in the equation, and its
ignition probability is the lowest. BD and ML (butlensity and fuel moisture content of the fuel begm to
play a minor role in the model, both acting negasivIn this case, the fit of the model can be aered fairly
good in all the criteria.

In Equation 8 (glowing firebrands, 0.8 misorizontal air flow,P. pinastemeedle bed anB. globulusleaf
bed), the firebrand type is once more the variahbid the greatest influence on the ignition proligbi
Eucalyptus globulu¢eaf (FB16) is the only firebrand that participatesgatively in the equation; its ignition
probability is 0, in contrast to the high valuesadbed when used as a flaming brand and withoul@ir. The

ember weight is the second variable involved indfigm 8 and it positively influences the ignitioropability.
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SUR (firebrand surface) and MF (fuel moisture cohtf the fuel bed) only show a slight relationigaition
probability; the first one is positive and the setamne negative. Other authors (Blackmarr 1972gkae
2000) have found that the moisture content of diffié litters affect their ignition frequency. Ingtcase, the fit
of the model is slightly lower than the latter.

In Equation 9 (glowing firebrands, 0.8 nt sblique air flow,P. pinasterneedle bed ani. globulusleaf
bed), the type of firebrand is the first selectadable. There is an appreciable reduction of tlgelikelihood in
this step.Eucalyptus globuluseaves,P. pinastercone scales and. radiatabark have negative values in the
equation, showing the lowest ignition probabilitieghereasEucalyptus globuludark has the highest ignition
probability with the oblique air flow. The secondriable, LIT6 (the fuel bed dEucalyptus globuluteaves), has
a negative influence on the ignition probabilitydantrast toP. pinasterneedles. The needles Binussp. are
highly flammable in comparison with other conifesogenus (Fondat al 1998). They found that needles from
North American pines affected by short fire retintervals were highly flammable, and this may dsothe
case folP. pinasteras well.

In the experiments with LIT5 and LIT6, three typasfirebrands Pinus pinastercone scaleEucalyptus
globulusbark andE. globulusleaf) have high ignition probabilities> (94%) when in the flaming phase and
without air flow. Pine bark has values lower th&96} Similar results with pine scales were also iokthin the
LIT1 and LIT2 experiments. This type of particlegth a high level of resin, wax and flat compoundsy
result in higher flame length and, consequently,iraarease in the radiation in the surrounding fhed.
E. globulus leaves are also rich in volatile compounds andnailai effect could occur. Nevertheless, this
explanation does not seem valid for heglobulusbark which has a lower content of these compoundsng
the experiments this brand showed a drastic chan@is shape (flat at first and then, curved likeydinder,
keeping this latter shape when burnt on the fuel);bthis behaviour could partially explain that uks A
consistent result on the experiments for all trents is the lowering in the ignition probability erhthey fall in
the glowing phase and with air flow, suggestingoaling effect of the air flow, greater than theeeff of
increased oxygen supply. As a whole, the ignitioobpbilities for pine litter beds are greater thianse of the
Eucalyptugglobulusleaves. The bulk density of tlicalyptusuel beds, higher than that of pine, may limit the
oxygen flow on the combustion zone. Equation 9 thasbest fit to the data, when all evaluation catere
considered.

As a whole, the probability of ignition is stronglglated to the firebrand type in all of the eqoasi. In the

experiments with flaming brands and without aimfld’inus halepensisone scales are the particles with the
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highest ignition probability (observed ignition pentage = 100%). These particles show a very lowtiam
probability (0-10%) when they drop in the glowinlggse and with air flow. Several factors could @rabout
this result. Heat transfer by conduction from thetiple to litter bed could be limited by small piele size in the
second case, whereas heat transfer during flamsepfmaainly by radiation and convection) could bereno
dependent on flame shape than on its mass. Air¢moling could also contribute to this low probépilOn the
contrary,Pinus halepensibark shows the lowest probability of ignition whirey drop in the flaming phase
without air flow (55%) and one of highest probakgk when they fall in the glowing phase and wittflaw. In
both cases, the probabilities of ignition are smilThe latter suggests that a compensation elffesteen a
supplementary oxygen supply (positive) and a deectdeat transfer (by conduction) could occur.dnegal,
when embers fall in glowing phase, the ignitionkadoility increases with the increase of their masss agrees
with the heat transfer by conduction. Fuel bed ftahbility increases with air flow indicating the eft of
oxygen supplyPinus halepensisone is the brand type which shows the highestignprobability for all the
tested conditions. In general, the cured grassdeedns to increase the ignition probability comparethe
Pinus pinealitter bed, when the particles are dropped in flgmphase and no air flow. Nevertheless, the
opposite occurs when the particles fall in glowigse and with air flow.

Given that the probability of ignition is strongiglated to the firebrand type and that all thebfiead types
tested occur with the associated fuel beds, thetwase should be supposed. Therefore, all théesttfidkel beds
show high predicted ignition probabilities (Tabl@),lranging between 86 %ifius pineaneedles) and 100 %

(Pinus halepensiseedles).

Table 10. Observed ignition fractions and predictedgnition probabilities using mean values of

guantitative variables (predicted values are in pagenthesis). - : no tests in these conditions.

Flaming firebrands and Glowing firebrands and Glowing firebrands and
no wind 2,5 m §' oblique wind 4,5 m § oblique wind
Litter bed
P.hakepenss  P.halepenss  P.halepenss  P.hdlepensis  P.halepensis P halepensis
needles needles needles needles. needles. needles.

(FMC=3.9%) (FMC=0%). (FMC=3.9%) (FMC=0%). (FMC=3.9%) (FMC=0%).
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P. halepensivigs
P. halepensisone
scales
Quercus suber
bark

P. halepensbark
plates
Quercus suber

leaves

Quercus ilex

leaves

Pinus pineabark

plates
Pinus pinea
cone scales
Pinus pinea

twigs

P.halepensigone

Quercus ilex

acorns

0.38 (0.55)

0.98 (0.98) -

1.00 (1.00) -

0.65 (0.65) -

0.55 (0.55) -

0.93 (0.93)

Flaming firebrands and

no wind

Pinus pnea  Cured grass

needles
0.80 (0.83) 0.83 (0.92)
0.35 (0.55) 0.80 (0.73)
0.73 (0.73)
0.78 (0.86) 0.75 (0.93)
1.00 (0.72) 0.95 (0.85)
0.40 (0.54)

0.48 (0.73)

Flaming firebrands and

0.08 (0.19) 0.33 (0.29)

0.00 (0.00) 0.00 (0.00)
0.18 (0.18) 0.10(0.27)
0.35 (0.17) 0.30 (0.27)
0.05 (0.01)

0.00 (0.01)

Glowing firebrands and

0,8 m §" horizontal wind

Litter bed

Pinuspinea  Cured grass
needles

0.00 (0.00)
0.04 (0.04)
0.08 (0.10)
0.08 (0.07)
0.43 (0.17)
0.06

(0.08)

Glowing firebrands and

0.48 (0.25) 0.65 (0.46)

0.08 (0.08) 0.09 (0.19)
0.13 (0.17) 053 (0.34)
0.60 (0.50) 0.63 (0.73)
0.00 (0.00)

0.00 (0.00)

Glowing firebrands and

0,8 m &' oblique wind

Pinus pinea Dead grass

needles
0.03 (0.17) 0.00 (0.00)
0.22 (0.18) 0.18 (0.00)
0.58 (0.85) 0.08 (0.01)
0.03 (0.11) 0.13 (0.00)
0.93 (0.60) 0.68 (0.00)
0.38 (0.71)

0.00 (0.00)

ovBhg firebrands and
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no wind
Pinus Eucalyptus
pinaster globulus
needles leaves
P. pinastebark
plates 0.38 (0.38)
P.pinastercone
scales 1.0 (1.00)
P. radiatabark
plates 0.32 (0.28)
E. globulusbark 0.98 (0.99)
E. globuluseaves 0.94 (0.96)

0,8 m < horizontal wind

Litter bed
Pinus Eucalyptus
pinaster globulus
needles leaves
0.14 (0.08)
0.04 (0.09)
0.13 (0.08)
0.38 (0.43)
0.0 (0.00)

0,8 mSoblique wind

Pinus
pinaster

needles

0.20 (0.22)

0.0 (0.00)

0.03 (0.02)

0.83 (0.89)

0.03 (0.00)

Eucalyptus
globulus

leaves

0.03 (0.01)

0.0 (0.00)

0.0 (0.00)

0.20 (0.23)

0.00 (0.00)

When the fuel bed type was not a significant vaeiab the logistic regression, data were pooledria equation.

Conclusions

Concerning fuel bed flammability which we examinederms of time-to-ignition, rate of fire speadte of fuel

bed combustion, flame height, fuel consumptionorathd ignition frequency, the following results che

underlined:

- Grasses present a higher flammability than tree laugh litters (lower values for time-to-ignition,

higher values for other parameters), even withgadr moisture content.

- Amongst litters,Pinusand Ulex europaeuditters reveal a higher flammability than hardwddaters,

Eucalyptus globululitter having intermediate characteristics.

- Anincrease of the fuel moisture content and oftthik density of fuel beds implies an increasehef t

time to ignition and a decrease of the other patarse

In relation to the capability of firebrands to ignfuel beds, the experiments and the resultingefsod

show that this capability is strongly related te firebrand type (twig, needle, leaf, etc. of diffiet species) or
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state (glowing or flaming) but the brand physidahm@cteristics considered in this study do not seeplay a
relevant role in the process. More research is estéd understand the influence of these other ptiege
Generally, the ignition caused by glowing firebrandcreases with air flow, suggesting an effect te
increased oxygen supply. Amongst the studied fietls,Pinus halepensisone was the brand type with the
highest capability of ignition for all the testedndlitions. In general, firebrands have a highebability to
ignite cured grass beds thBmus pineaneedle beds, when the particles dropped in a flalnase and with no
air flow. However, the opposite occurs when thdiglas fell in glowing phase and with air flow. Theparent
absence of influence of brand weight on the protessurprising. It suggests that other propertiekeld to
chemical composition, such as heat content or resax, lipids and terpen content, could exert aisiee
influence in the capability of firebrands to ignifeel beds and should be explored in complementary
experimentsPinus halepensibark, twig and cone as well Bsicalyptus globulubark exhibited the highest fuel
bed ignition capability when they drop in glowinggse and with air flow. In general, a consistestitefor all
brands was the high ignition probability observekdew embers fell in flaming phase and without adwil
compared to in glowing phase and with air flow. fTtater suggests a cooling effect of the air flovat is
greater than the oxygen supply effect. In additibe, obtained results indicate that flaming emiiglitsng in a
short distance (without air flow) could have a hfgbbability to cause secondary fires. This factidde more
frequent during the propagation of fire from oneven to another. Although the extrapolation fromséaeesults
to the field may be problematic, these experimshiswed thaP. halepensizones, followed byE. globulus
bark are potentially the most dangerous firebrasfdhe studied group, under a range of differemtditions.
This agrees with common observations made by psimiesls involved in the extinction of wildfires aéfting
the above species, who have frequently pointedtloat spotting is generally a dominant process i th
propagation of fire in these types of forest.

The results presented in this paper will allowestdr understanding of the fire spotting phenomenon
Nevertheless, further experiments are needed,rapared different ranges of FMC, so that it becomeseful

operational tool for prediction of ignition probétyi.
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