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Abstract

Purpose of Review The behaviour of wildland fires, namely their free spreading nature, destructive energy fluxes and
hazardous environment, make it a phenomenon difficult to study. Field experimental studies and occasional wildfire
observations underpin our understanding of fire behaviour. We aim to present a global synthesis of field-based studies in
forest and shrublands fuel types published since 2003 with a focus on the most commonly measured fire behaviour attributes,
namely rate of fire spread, ignition and spread sustainability, flame characteristics, fuel consumption and spotting behaviour.
Recent Findings We present a synthesis of measured fire behaviour data collected in field experiments and wildfire environ-
ments encompassing the last two decades. We discuss the effect of a lack of standardised experimental methodologies in field
studies, which has inhibited our quantitative understanding of the physical drivers of fire behaviour. The application of new
fire environment and behaviour measuring sensors and methods offer opportunities for more comprehensive descriptions of
fire spread characteristics, particularly when applied to wildfire events, to better capture scale dependent phenomena that do
not occur at smaller experimental scales.

Summary Fire behaviour data collected in field experiments and wildfires form the foundation of our quantitative
understanding of fire dynamics. These data are used in the development and evaluation of predictive models with operational
and scientific applications. We provide a broad synthesis of existing field-based studies in forest and shrubland ecosystems
and discuss their limitations and needs for future research.

Keywords Experimental fires - Rate of fire spread - Fire spread sustainability - Flame characteristics - Fuel consumption -
Spotting - Integrated fire-behaviour measurements - Fuel types

Introduction

A wildland fire has three basic characteristics, namely it
spreads, it consumes fuel, and it produces heat energy in
a visible flaming combustion reaction. Understanding of
wildland fire behaviour [1], namely its response to changes
in environmental conditions and links with fire effects, is
necessary to better mitigate and manage a fire’s impacts in
regard to ecological and human values. Nonetheless, wild-
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land fire is a poorly understood and complex phenomenon
incorporating chemical, physical, and biological processes.
The mechanisms influencing how a fire consumes biomass
and propagates occur over a broad range of spatial and tem-
poral scales, from millimetres to kilometres and from sec-
onds to hours, respectively [2], and are obviously difficult to
measure and model comprehensively.

The collection of data from fires burning in wildlands
fuels, be it from wildfires or, more commonly, smaller
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field-scale experimental fires and operational prescribed
burns, is necessary to improve our understanding of wild-
land fire dynamics and development of models with opera-
tional and research applications. Modelling of wildland fire
behaviour can be seen as following two apparently contrast-
ing approaches: (1) a so-called ‘empirical’ approach where
statistical methods are applied to observational fire behav-
iour data to develop simple analytical descriptions of certain
fire attributes such as rate of fire spread or flame size; or (2)
a ‘physical’, or process-based approach, where the developed
models are based on fundamental relations derived from first
principles of one or more processes assumed to drive fire
behaviour, such as mass and energy conservation, combus-
tion chemistry, fluid flow and heat transfer processes [3, 4].

The empirical approach has enabled the development
of robust predictive models [5—7] that have been used to
support a broad range of fire management decision making,
from prescribed fire planning [8, 9], to supporting wildfire
suppression and the issuing of public warnings [10]. How-
ever, these models are generally unable to give insight into
the complex processes driving fire propagation, such as
how different fuel layers affect overall wildfire propagation
or the relative roles of radiative versus convective heating.
The empirical modelling approach produces models that are
specific to a particular fire behaviour attribute for a specific
set of conditions (e.g. fuel type, prevailing weather, etc.). In
contrast, physical models are able to provide a more holistic
description of the fire behaviour processes and aim to pro-
vide insight into the mechanisms determining what a fire
does and how it does it (e.g [4, 11, 12]). However, the physi-
cal modelling approach has not received widespread accept-
ance in operational applications, due to a number of factors
including computational and data requirements, organiza-
tional support and training, and an overall lack of practition-
ers’ exposure to these models. The recent development of
simplified or reduced process-based models that can run in
near real-time have shown promise for operational use [13,
14]. These tools are still early in their development and not
widely supported or used outside of research applications.

The empirical and physical modelling approaches should
not be viewed as mutually exclusive, and often successful
modelling combines elements of both the empirical and
physical approaches (e.g [15]). ; see reviews in [16—18] and
a timeless discussion on the “two solitudes” by C. E. Van
Wagner [19].

The use of purposely designed outdoor experimental fire
behaviour studies or opportunistic study of appropriate opera-
tional prescribed burns have been the main sources of fire
behaviour data aimed at measuring fire characteristics and
impacts in as realistic a setting as possible. This approach
can be traced to the earliest scientific research of wildland fire
behaviour [1]. Independently of the fire source type, experi-
mental versus prescribed burns, these types of fires have been
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used to collect data for a multitude of purposes, reflecting
the often multi-disciplinary nature of modern wildland fire
research. Ignition likelihood [20, 21], flame front propagation
[22, 23], flame characteristics ( [24], energy fluxes [25-27],
smoke emissions [28, 29], firebrand transport ( [30, 31], fuel
consumption [32, 33], instrument calibration [34-36], testing
personal protection equipment [37], quantifying the effective-
ness of fire retardants [38] and fuel treatments [39], and meas-
uring direct and indirect fire effects [40—42], are just a few
examples of research subjects studied under field conditions.

In this synthesis we present and discuss studies published
in the past two decades that focus on the collection of field-
scale fire behaviour data, and associated model development
and evaluation, with a focus on forest and shrubland veg-
etation. In presenting published work, we separate experi-
ments into two main approaches. One approach emphasizes
data collection across a large number of fires over a range
of weather conditions [23, 43, 44]. This approach has been
the primary approach utilised for much of the empirical,
management oriented, fire behaviour research in countries
such as Australia and Canada. A second approach aimed at
intensive measurement of fundamental properties of a flame
front and the surrounding environment (e.g [29]). , typically
relies on a small, but highly instrumented, number of experi-
ments [45, 46] and aim to link data collection methods to
the development, calibration and evaluation of a range of
fire behaviour and effects models. We review these types
of studies in the first two sections of this article. We also
provide a summary of global fire behaviour data collected
and published. Finally, we discuss some pertinent aspects
related to experimental data and the role of wildfire data
in improving our understanding of scale dependent wildfire
behaviour phenomena.

Field-scale Fire Behaviour Observations and Models

Field-based fire behaviour research in experimental and
wildfires form the basis of much of our knowledge of wild-
land fire dynamics [1, 18, 47, 48]. This research has focused
on a number of fire behaviour characteristics, namely the
ignition and sustainability of fire propagation, fire accel-
eration up to pseudo steady state, fire front movement, i.e.,
rate of spread, and features of the flaming zone, i.e., energy
release, residence time, flame size and angle, fuel consump-
tion and other phenomena such as the occurrence of second-
ary fires, i.e., spot fires. The focus on these variables stems
from their relationship with fire effects and relevance in sup-
porting fire management activities such as suppression and
issuing of warnings.

In reviewing published work, we constrained our analy-
sis to studies published over the last two decades that con-
tained at least 10 independent fire experiments or observa-
tions, ensuring a level of replication from which reliable
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understanding of fire dynamics can be extracted. For earlier
reviews see [18, 48-51].

Rate of Fire Spread

The rate of fire spread, or the speed a flame front moves,
is the most widely studied fire behaviour quantity [47]. Its
importance stems from the free spreading nature of the flame
front in a wildfire, where knowledge of how a wildfire grows
across the landscape is needed to plan suppression actions
and ensure the safety of fire fighters and the general popula-
tion. This speed also determines how much of the available
fine fuel is involved in combustion per unit time, which then
determines important energy release metrics, such as the
widely used Byram’s fireline intensity [52, 53], and a large
array of subsequent fire effects [39].

We identified 48 studies focusing on collecting field-
based rate of fire spread data (Table 1). The overarching
objective of these studies was to understand the effect of
environmental variables on the forward spread rate of the
fire, with a few studies describing also flank and back-fire
propagation. Methods to measure the movement of the flam-
ing front varied, from ocular estimates by observers on the
ground [e.g. 30, 54] to the use of visual and infra-red (IR)
imagery from aircraft [55] or unmanned aerial vehicles [56].
Most studies considered solely time of one-dimensional
propagation between two known points. Detailed measure-
ments incorporating the shape of the fire and the detailed
variation of rate of spread in time and space are seldom
conducted or described in experimental burn programs with
a substantial number of fire replicates.

It is worth noting the developing trend of studies that
publish their collected experimental and wildfire data [e.g. 7,
59, 60], which then have then been used by other researchers
in developing new models [e.g. 61], calibrating existing ones
[e.g. 13, 62] or adjusting inputs [e.g. 63,64], or testing novel
modelling approaches, such as genetic algorithm optimisa-
tion [e.g. 64], neural networks [e.g. 65] and other machine
learning methods [66]. Such published data have also been
used to independently evaluate new and existing empirical
and process-based models [e.g. 61, 67,68].

Ignition Success and Fire Spread Sustainability

The understanding of the conditions that allow (1) an
ignition source to successfully ignite a fuel bed and (2) a
flame front to self-sustain its propagation in a fuel layer
(e.g., duff, litter, canopy) are rather important, but poorly
understood and seldom studied, processes. Ignition of
fuels and flame propagation can be simply idealised as a
balance between the energy released by combustion and
transported to the unburned fuel and the energy neces-
sary to ignite these fuels. If the energy impinging in the

unburned fuels is not enough to ignite them and maintain
a self-sustained process, the flame front will self-extin-
guish. The understanding of fire dynamics under marginal
burning states [69] and knowledge of the required envi-
ronmental conditions that allow for sustained flame front
propagation are necessary to determine fire spread in less
than optimum burning conditions, such as those associated
with high fuel moisture contents during prescribed burn
operations or during overnight lulls in wildfire activity [7].
This is also relevant when considering fire propagation
in horizontally or vertically discontinuous fuel complexes
such as found in semi-arid environments [70-72] or where
vertical fire propagation, such as crowning, occurs [73].
Here we consider the sustainability of a spreading flame
front, either as a surface fire, i.e., consuming litter and
understorey vegetation, or a crown fire, i.e., involving sur-
face and crown fuels [74].

Often the distinction between ignition success and fire
spread sustainability is not clearly defined. We found a
total of 13 field-based studies (Table 2) investigating the
threshold conditions defining ignition success and surface
fire spread sustainability (also known as go/ no-go condi-
tions), with the data distributed mostly in shrublands (n =5
studies) and forests (n=38). The different ignition types
(i.e., point vs. line), sizes of the experiment, and vegetation
characteristics, meant that the definition of fire spread sus-
tainability varied significantly between studies. Most of the
studies in forests relied on smaller scale experiments, with
sustained flame front propagation declared if an experiment
spread over a short period of time, typically less than 5 min
[75, 76] or a distance (varying between 1.5 m [77, 78] and
30 m [75]. Experiments in shrublands tended be larger (fire
runs 10-20 m) to integrate some of the natural variability
in fuel structure and continuity [79, 80]. In discontinuous
semi-arid shrub fuels, Cruz et al. [81] defined sustainable
spread to occur after a 50 m wide ignition line spread over
75 m after realising that some fires were self-extinguishing
after spreading 35—-50 m. The higher the fuel discontinuity,
the larger the plot size requirements to ensure propagation
encompasses the heterogeneous nature of fuel and the results
are not biased towards sustained fire propagation.

Modelling fire spread sustainability has mostly relied on
multiple logistic regression analysis [76, 77] and its varia-
tions [e.g. 79], although other statistical approaches, such
as structural equation models [78], regression trees [82],
and machine learning [83] have also been used. Dead fuel
moisture content, or its primary drivers air temperature and
relative humidity, has been often identified as the main con-
troller of fire spread sustainability. Wind speed and a fuel
structure descriptor have also been found in some studies as
significant variables. Lack of wind and fuel variability in the
datasets often precluded the identification of these variables
as significant in the process being analysed [e.g.79, 80].

@ Springer



(2025) 11:8

Current Forestry Reports

Page 4 of 33

8

SOX "7 9IqeL, OS[e 99§ "eyep Y Jo s1sATeue oandiroseq
“ejep Teiuowradxa Jo uondirosop
1oyng 10§ [¢7] pue [80¢] 998 "oje1 peaids a1y urejdxe
159q 0} PUNOJ 1M SONSLIAIORILYD [N 1Y) PUB JUJUOD
aImystows [ong ouy ‘paads puipy "[(9] UT uorsIoA pajepdn
99s) PaqLIdSAP pealds a1y Jo 1.l J0J [opOW WLINU]
‘uondwinsuod [anj pue InorAeyaq Sunjods ‘sonsroe
-Teyd owey ‘peads oIy JO 9JeI ‘SpueIS JSAI0F A} UTYIIM
paads puim 9ua)u0d 2INISIOW [9NJ PLap JO Sulf[opowr
ON 9} PuB ‘[IeIOp Ul SPOYIQW [RIUAWLIAAXD 9} $AQLIISO
“JUUOD 2INSIOW
[onj peap pue paads PUIM 9IoM SI[qRLIBA JUBOYTUSIS
1SOJAl "uontus1 jurod woiy YImoI3 a1y Jo SIsAeur
SUreIuoY) "SUONIPUOd FUIUINg ALIIPOW 0} MO SULISAOD
(gs =u) sary uontugt jurod pue our] [ejuswLIadxe
SOX  9[eds [[ews woij pado[oaap peards a1y Jo 1.l JO S[OPOIN
‘S[opow JaY10
s paredwiod 1 [9POJA "PISSNISIP JOLID 9[qRUOSEI
SOJMITISUOD JeYM PUE AJUTe)Iodun Jo $90Inog pasodoid
Koenbope [apou 10J so1IsTIe)S 11 JTRWYOUIq PUB JOseIep
sox juopuodaopur ue jsureSe pajen[ead [opow [Gg] Te 10 Zni)
‘eyep juapuadopur jsureSe
Pojen[eAD S[OPOIA "so[qerreA A1ojeue[dxo urew se A1s
-uap y[nq Adoued pue aInjsiowr [onj peap ‘paads puim
ON PAYNUAPI 3 1Y UMOIO JAISSed pUE 9ATIOR IO S[OPOJA

"Jy31ay aseq Adoueo pue
poads puIm 9I9M SI[QRLIBA JUBIYTUSIS ISOJA "SUOTIIPUOD
Suruing 9jeIspow 0) MO[ SurIeA0d peaids a1y Jo 93er Jo

S9x  s[opowr do[aAap 03 pasn sIsATeur uorssargar reaur| oydwrg

‘a3eroAe [eyudwLIadxo woiy A

-[IqeLIBA 3 se10[dXF ‘UONEIO[ JUSWAINSBIW PUIM M

sox  diysuone[ar sy pue y JOJUI 0} SPOYIoW JUAIYIp Io[dxyg
‘[ 981°8°9] s[opow [eoLIOWINU
1010 1a%e] pue ([G6] 99s) opowr [eatsAyd [66] TUIqry
Jo uonezrajowered ay) pue sepow [eorrdwo ajeneas
0) pasn eje(q "ATuo eyep 21y umor)) "uonededoid a1y

SOX  UMOID PaUSI[qeISe U0 PI[qUIasse Jaseep dalsuoyardwo))

U W e—1°0 95uel

'sjold w (¢ X O¢ Ut (G¢ =u) so1y [ejuowLIadxe woij ereq

" _UIW W g7—6°() :95uel Y s95e [any JO dFuel
B I2A0 W ()07 X 00 S10[d ur syuswirradxa Jy3ro-A1ouIN

" ZUIW W7 ]—]°0 Usamyaq
parLrea peaids o1y Jo sejey "(uni wi ¢) sjofd w [ X ¢
ur syjuowiddx uontust jurod pue aur dAY-Kjuam],

s U
| Gt
w /01—L°0] :eSuel Y "YS[ PUe epeue)) Ul Udye1Iopun
SOIPNIS ASBD WOI SUOTJBAIISQO AIYP[IM /G JO UOTB[[0D)

UMW W] 6—G7/ :95ue  “[90T] Ul udAIS pasn
elep ‘epeue)) ur $309(o1d uing [BOLIOISIY WOIJ BIEp Pas()

¥ 91quL OS[e 99§ *| Ul W §"¢ ]~/ '] :dFue1 Y ‘W [TXG]
0} dn az1s a[qerrea jo syord ur sjuawrradxa om)-Ajuam],

" _un w £9-87 a3uel Y "eiep [¢7] Jo 19sqng

‘[ST] pue [8¢T] Ut USAIS BIRp JoyMINg * | Ul W (/G|
:a3uer y "az1s ut vy 7'z 03 dn sjord uo syuswrradxo (]

‘pUB[UL] UI S)SQI0J §21gD
D201 PUR S14IS2A]AS SNU1J [82I0Q UIYINOS UT SONSLI)
-O®IRYD INOTABYSQ I JUSWNOOP 0} ¢[G/] ‘e 10 usueysue],

"BI[ENSNY UISYINOS UT SUONIPUOD Jourwuns KIp
1opun (prpurdivwi 7 ‘yeiref) 1510y }dAeona A1p ur ot
-ARU2Q 215 UO Apn)s peoIq & aqLIdsap ([O€] T8 12 p[noo

*$35010] (P41 snu1) surd yoeyq ur saxy uonTust
jurod jo yuowdo[aaap ay) Apmis 03 ¢[£0g] Te 39 Jnony

*SQIPN)S 9SED QIYP[IM WOIJ Joselep juapuad
-oput a31e[ ® 3uisn [opow [Oz] 'Te 30 zni) jo Ayoedeo
aano1pard oy) 2jenyeas 03 {[88]] ZnID pue ISpULXI[Y

*$1SQ10J JOJIUOD JOJ SO
-pow 9jex peards o1 umo1d dofeaap 03 {[G0g] Te 10 Zn1)

*$18210§ (P1N.Lq

snu1y) suid ueriqe[e)) ainjewrwr 1oy sopis uonorpaid
Imoraeyaq 21y reonoead dofaaap 03 {[001] Te 3° MS[Ig

‘epeue)

‘$)S210J [8210q UI paads puIm O} UOTJR[AI UI Y UI UOTE
-L1ea [eneds pue [erodwe) ssesse 03 {[g¢ ] Te 10 Jo[Ae],

‘S[opow SUmSIXd AJeN[eAd pue 9zl
-191ourered 0} B1ep 109[[09 e PIWIE $)SAI0J [82I0q UO 103
-o1d IorAeyaq 211 UMoId TejuawIadxo ([zz] ‘Te 19 S0l

SISaI0

paystqnd ereq sguIpury

31:1g |

aAnalqo pue Apmg

JI9pIO [e2130[0UOIYD pUe (Spue[qnIys ‘s)sa10)) adA) [onJ ur paIsi| suonedIqngd ‘sAIpms () 231 peaids a1y Jo sSuipuy pue ‘ejep ‘soandalqQ | ajqel

pringer

AQs



8

Page 5 of 33

(2025) 11:8

Current Forestry Reports

‘sjopowr peaxds a1y wsASs Jg.]
JOUI0 Y)IM PIISenuod suondipaid pue suoneAIdsqO
*ISI JO UonouUNJ © Sk paynuapl os[e AJANIR 1Y UMOID
Jo 1asuQ "o[qerrea yuspuedepur o) Suteq 1] SIS
xopu] peaxdg renuy oy yPim ‘yoeordde Surfjepout [G]

SO WAISAs JgA ueipeur)) ay) Suimor[oj peaids a1y 10J [9POIA
‘S[relep
elep pue spoylaur 10J [¢z] pue [Qg] os[e 99§ “erensny
ur A[reuonerado pasn APJUaLInD [9pOJA IYSIY JoAe] [onj
90BLINS JeaU pue [8(7] 2109 pIeZey [BNSIA [on) d0BLINS
Ieou pue 90BJINS JUIUOD QINISIOW [oNJ Peap duy
‘paads puim uado w-()] uo paseq suonipuod Suruing

A[rented Iowwns Iapun SAIYP[IM JO a1kl pealds premio 10J [OPOIN
‘peo] [onj pue paads purm
)M POIB[OIIOD Sem J[qRLIBA SIY) SB S)[NSaI Surouanpyur
A[qrssod y)3ua[ aut] uonus1 [qeLIBA ‘S[ONJ UL} PeIP
Jo Ainuenb pue paads puim jo uonounj e se peards

SOX JO 9Bl 9qLIOSIP 0} pasn SUI[[OPOW UOTISSAIZAI Jeaul]
*s)[nsaI [opow ur Joeduul S)I SASSNISIP PUL JUAJUOD AIN)
-SI0W [N} 0 S[OPOW JO AJNANISUIS $assNISI ‘[09] T 19
A9uay)) st [poW 9JBINOJ. ISOUW SYIIUIP] "BI[RIISNY UI

ON  PIsn S[opoul y [BISADS 0] SOTISTIBIS UOTBN[BAD 9qQLIOSO(
‘[opowt peaids a1y 9oejans [G]] [QWIAYIOY
U} J0J S[opOW [N} AJeNn[eAd 0} pasn ele( ‘peaids a1y

SOX  JO Q1el paAldsqo padudnyur uoniud padLns moy Jed[oun)
“JUAIUOD
dmmystouwt [ony 9A1] pue Y3dop paq [onj ‘paads puim ym
PIL[1109 99 0} PUNOJ AIIM SUOIPUOD JuruIng pruu

SO Jopun sa1y uoniusi jurod Jo peaids p1emiIoy Jo sajey
'sopIng urnq paquiosaxd
ut pajuowa[duir o1e S[OPOJA "uoneIaA A2I10)SI9pUn JO
JOA0D PUB JUSJUOD dInjsiow [ang Aq paute[dxa sem ajex
peaids a1y-yoed YSIOY [oNJ PUE ‘[oNJ JOLLINS PBIP Ul
Jo 1uyu0d armystows ‘odofs ure11d) ‘paads puim doeLIns

ON Jo uonounj e se paure[dxa peaids a1y premioj Jo ayey
‘S[opowr SunsIXa I9YJ0 YIIM PIISBIUOD dIe SINSAY "SoN
-SLI9JORIRYO [BINIONIS [9NJ WOIJ S[pou [any Surp[ing
19A0 poyjouwl uoneziiaoweled Jo saSejueApe S9SSNISIP
ApmS ‘pado[oaap a1om [opowr peards a1y aoejans [G1]

ON [PWLIAYIOY YIIM Pasn 9q 0] S[OPOW [onJ JUIIJIP OM],

[ -UIW W 99—9°7 :95UEI Y "Pasn SaIpmys
3sed (] =u) IYp[IM pue (g = u) [ejuswLradxs woij ee

| _unu

W G/ [—G'T -oSuel Y e1ep (Gg=u) AIYp[im pue (9] =u)
TeruswLrodxs Juapuadapur JsureSe uonen[eAd [9poJ
*_UTW W ¢7 PUB §'() Uoamlaq Surkrea Y Syuawdoforap

I
[opow 10y pasn [(¢] sa1y [eyuswrIadxe g woly ereq

| _unu
w g ¢—¢"( :9Suer  ‘sfony 10011 durd ur (W G 0) T WoIy

‘UISuQ[ dur] uonIuSI A[qeLIeA) SAIY [RIUSWILIAAXD GE JO 10§

|| U W 097~/ ] :e8uel Y {SAIYP[IM 98] WO B
'suor3ar a1y Jur
-yoeq pue peay 10J Y ‘uoniuS1 pading 'suonIpuod suing
paquosaxd 1opun pauing syofd ey 400 WS woly ereq

| -UI W 6°¢—9°( :a3uer y Jo1d oy Jo
anuad a2y Je uontudi jurod € yIm (9ZIS Ul W ()0Z X 00T

“epeUR)) ‘BIqQUIN[OD) YsnLIg ‘9392q auid urejunow
Kq paroedur spuess (vriojuod snuig) suid sajodoFpor ur
SQIYP[IM JO 9)e peards ay) [opow 0 {[H{]] ‘e 19 SIyelIdd

‘BI[RIISNY
UIYINOS Jo 352105 JdATeona A1p 0§ [opour peards a1y
9[qeoridde Ajreuonerado ue dojaaap 03 ([09] 'Te 10 AduayD

‘KoIng, ‘suon
-eyuerd (puniq snuid) duid ueriqered arjewrwal Sunok
ur peaids a1y oorIns 91eSNSIAUI 0 [OGT] e 19 Ynony|

"BIENSNY UIAYINOS JO $3510) JdATeona ur spopow ¥
[e10A3s Jo aoueuriofrad oy ayenyeAd 03 ¢[T1z] ‘Te 19 JuIry

"VSN ‘uonipuod uondrrosard 1opun

pauinq spuels vsoopuod snulg Ul S[anJ poJednseu ur
$109JJ9 puUB INOIARY2q 21y 2)enyead 0} {[0]¢] Te 1o ddeuyy

‘puefrey], ‘s1sa1o0j [eordor) snonproap KIp
Ul SO[QRLIBA [EJUSWIUOIIAUD PUB JNOTABYSQ 91 UdMIoq

[oBd) SJUdWLIAAX Quo-Ajuom] parapIsuod ApmS  sdrysuornie[ar 21e3nsaAul 0} {[¢91] 1ooueidirey] pue AL

U W G g °(Q :o8uer
¥ ‘s101d W G X (T ul sAIy [eIuRwWLIddX? 46 woij eleq

" -UIW W Q—G7°() :OBURI Y UM ‘PISN AIom SUNI Y
7t JO 12101 V "[60C] woiy [e3n1o ur 3sa10j (4agsvurd
snuig) duid dwinLIeW ul sa1y [eludwiLadxe woiy ejeq

'SuonIpuod uruing pirw
JIopun S3$010J azspuid Snulg Ul INOTABYQQ I 90BLINS
Jo Surpuejsiopun oy} 9seaIoul 0 ([G] ‘Te 19 SOpUBLID]

‘Topowr [GT] [owr
-I9Y)0Y Ay} JoJ s[opout [any dofaadp 03 21padoixd uorn
-eIqITed SUnjoRINORq B 159} 0 {[£9] SopuBUIS,] pue Zni)

paystiqnd ereq sguIpury

31:1g |

aAnalqo pue Apmg

(ponunuoo) | sjqey

pringer

As



(2025) 11:8

Current Forestry Reports

Page 6 of 33

‘pesodoid osfe st [09]] xopu[ Ja3ue( 211 1SI0,] URI[EI)

-sny dY) UO Paseq [9POW Y *(10919 Jeam) dInjsiou [10s

pue JIpruny 9ATJE[oI ‘paads purm papnjour [9pow 1sog
ON ¥ 2IYp[IM 2qLIdsap 03 pasn yoeoidde Surjjopouwr uersakegqg

'$1S910J
1dATeons uerensny 1oy ¥ Surepow o3 yoeoidde
uersaAeq e jo asn oy} a10[dxa 03 {[Hg1] T 10 £o101S

LU W ECT=8y

:93uel Y {SUOTIBAIISQO QIYP[IM W) (77 =U) Bleq
‘Jy3noy A[reurdrio
URY) PIJOLIISAT IOW dIOM 1SQ PIAIOM quuny) JO [N
Q) AIoYM SUONIPUOD Y} JBY) PIMOY[S SI[NSAI Y], "BIep
QIYPIIM UO PIskq SAIPNIS UOTBN[BA [9POW I3YJO 0)
9[qeredwod SIOLID YIIM ‘SUONIPUOD JOSURP 1Y Paud

ON -JyS1oy J0J [[OM YIOM 0) UMOUS SEM qUINY) JO NI Y],

‘sjoserep
21yp[im juapuadopur jsurede [¢ 1] qunyl Jo o[ni %0
oy Jo Aupiqe aanorpaid oy aenfead o3 {[17] Te 10 zn1)

" U w0716 esuer Y

((LS=u) [181] pue (19=1) [11¢] wo1y 1oseIep Y SIYPIIM
's911039380 X9[dwoo [anj pue
QwoIq ‘JeWId ‘A1IUN0d Aq BIEP JO UOTIRUTIIEXS A[oWEU
‘paronpuod sisATeue eyep A1ojeiofdxa swog £K3o[0po

ON -Uouwr pue saAnda[qo 30sford TIIINOY Surquiosap Apms
'SuonIpuod (;_1
uny| ¢ < puim uado wi-(1) Apuim pue (% / > dInisiouwt
[enJ peap) AIp 10f o[qeordde Afuo st uonewrxoxdde
sy ¢paads puim Jo (1 se pasodoid sem peads

ON JO 9)e1 AIYp[IM pIemioj jo uonewrxoidde ojdwis v

"SISALIP
pue suraned ‘SonsLIv)ORIRYD INOIABYI] 11 Jo a1mord
PIMPLIOM [[eI9A0 Ue dp1aoid 03 ¢[[8]] [ 10 sopueuIo

"SOLIUS INOIARYSQ
a1y 0009 Inoqe Surpnour sarpmys paysiqnd woij ejeq

"_urw W G/ [~ :e3uel Y s)se10 [881]
IOJIUOD UBOLIDWY YIION pue [9] 1dATeons uerensny
‘[L] spueqnuys ur (g | =u) S1dseIep AIYP[Im WO Bleq

‘paads puim uado a2y} woiy
Apduts 9ye1 peaxds s 21gp[im & 9jewnsa Apyomb o3 diys
-uornjera1 o[dwts e do[oaap 03 {[¢ 7] Jopuexay pue zni)
“J 0] PAJe[AI JOU 1M (PIIB[ALIOD 10Q)
y)Suo aur| SUONIUST pue AINJSIOW [9NJ Inq ‘SI[BLIBA
JUBOYTUSIS 9IoM PRO[ [ONJ PUE PUIA\ "Psn SI[QRLIBA
K10jeUR[dX9 JO SUONBUIQUOD [BISAJS "peaIds a1y Jo
ON J1el [opowr 03 pasn yoeoidde uorssaiFar seaury opdnnin

" U W 69—G°() :95uel
¥ {(uniw G) w G pue (Unl W ¢) | UdIMIoq JUIAIRA
syISuaf aulf uonuSI PIM (Gg =u) sAIY [ejuawiLIadxy

U W 6°0—1°0 8uer y ([ov1 ‘88l
0s[e 995) Bare Apnys Tejuowrtradxe yoo1) puesdreyg oy

‘Kospng, ur
(n431u snurg) duid yoe[q uerjojeuy page uaAd ur peards
QI 90BJINS JO )l AY) [pow 0 ([[GT] '8 10 Ynony|

‘epeur)) ‘(vuvisyunq snuid)

‘uroned je s101d W (f X O Ul SUONIPUOD PIW JIPUN PIJINPUOD qurd yoel arnjew-rwes ur uontugdr 901nos jurod e woiy

SOX UONRID[00E 21 AUB MOUS J0U PIP SAIY SUIAOW MO[S  SjudwLIddxa 21y aul[ [[ews pue 90In0s Julod 92I1-A1Uom],  UONEBID[AOIR/IMOIS 1 9)e3NsaAul 0] {[GG] Te 12 QBYIN
UMW W 6" Q—¢°( o5uel Y [1ze1g ‘suor)
"SUOTIIPUOD SSOUAIP WLIA)-SUO[ JO 9SueI € SSOIOE SUOT)IP -eyuerd stpuviSosn smd{qponsg ur suonipuod Suruing

SO ‘eyep Jo sisA[eue aAndLIoso@  -uod puim [iu Jopun sjo[d w (g X ¢ ul sjuswLiadxe U9yl  paquidsaid 1opun InoiAeyaq a1y Apnis 03 ([£G] Te 19 SIAlY

SUONIPUOd Apuim pue AIp ur Juruing saIyp[im o) uorned
-1idde s31 mogre 03 pasodouid st [opowr 23 Jo uoneIqIe)
"JuowdOToASD $IT JOJ PASN SAUO AU UBY) 9IOAS 9IOW
SUOTIPUOd Iopun uruing saIy jo ¥ Y3 3o1paid 1opun

SO 0 31 UMOUS [opoWl [G] 'Te 19 SOPUBUID, JO UOnen[eAq

‘SuUOIIEN)IS SIYP[IM O} [OPOU [$G] ‘T8 19 SOPUBUI,] JO SN
a3 mofre o3 sordnnuwr ofdwis € 9ATIOp 03 {[79] SOpuLUIS]

RELE R oS
:a8uel Y ‘saIpnys ased argprim paysiqnd ¢ woiy ereq

8

paystqnd ereq

sguIpury

ele(q

aAnalqo pue Apmg

(ponunuoo) | sjqey

pringer

AQs



8

Page 7 of 33

(2025) 11:8

Current Forestry Reports

‘ejep Juopuadopul Jsuree pajen[eAd [OpPOJ
*S9[QBLIBA JUBAQ[QI ISOW SUIQ AINISIOW [aN] AT pUR
Y319y [ony ‘paads puim yim ‘[8G] snd Apmis s1y) woiy
BIep PIm padofoaap suonipuod Juruing paqriosaid
Iopun peaxds a1y Jo 9jel Jo [9poJA “2dA) [ony s1yy ur uon
sox  -eSedoad a1y SUTALIP SI0}OBJ [RTIUSNUT JSOW JO SISATRUY

SOX ¥ Jo sisATeue aandrosa
*9ye1 peards Iy SUI[[ONUOD SI[qBLIBA JUBDYIUSIS
9q 03 punoj adofs pue paads puipy ‘yoeoxdde Suropowr

ON e ySnoxyy paynuenb s9[qeIIEA [EJUSWUOIIAUD JO JOXTH
‘ejep Juopuadopur
jsure3e pajenfead pue pasodoid peads puim pue JyIIay
[onJ UO Paseq Y I0J [OPOJAl "PASSNISIP ST SAINJONNS [N

SOX JUQIOYIP 10J paads purm pue Y usamiaq sdrysuonefoy]
¥ 101
padooAap so[qeLIeA 959y} SUTUIqUIOD S[OPOW UOISSAITI
Teaur Y Yam paje[a11od Apuedsyrudis aq o) sy
uoneaSeA pue peof [onJ ‘I0A00 uonelesoa A[oweu

SOX ‘SO[qeLIBA [oNJ [BIOADS pUE Paads puim punoj Apm§

‘poyIour 9917,
uoIs109(] 03 Jorradns yoeoidde yrom)oN [eInopN [B1oy
-n1y ‘yoeoidde Jurapow ay) uo juspuadap 2q 03 punoj
so[qerrea A1ojeue[dxa jo JyI1opy “peords a1 jo ojel

ON  [opow 0) Pasn S[OPOW 921} UOISIOAP PUE JI0M)U [BINAN

*JOLID 1Y31Y
s sad4) fong Jo uoneognuapy ‘sedA) jeng peoiq Aq
UQAIS JO119 Jo uondriosop [e1ouan) ‘A[eansadsar ‘opow
1SBOI0 PUB [OIeasay JOUIEIA\ PUB SpoyIow SuruIes]
QuIyoew WoIJ pajeurSIo ejep ndur 1oyjeom pue [on,g
*SUOIIBAIISQO IYP[IM Jsurede sppomawrelj Surjjopowt

ON  (9-vdM) osudiaiug 1sAfeuy IYPIIA QU3 JO uonenesq
‘suonIpuod uruing Jo wnnoads e
Suore pastIeloeIRYd JOIIS pue Blep juopuadopur jsureSe
paren[eAd [9poJA ‘sseudoo)s adofs pue 1030B] JYINoIp
U319y [ony qnIys £210)SISpUN PUB PO [oNJ 0BJINS
JUQIUOD SINISIOW [oNJ Peap SUY ‘I0}0e] UOTIONPaI
puim e pue paads puim uado w-()| 219m uonededoxd
a1y 9ouanpur 0} punoj saqerreA (Asuqur ysry £10a
‘y31y 0) 9jeIopow ‘(o) saje)s uoneSedord juarogip
UONBIPISUOD OJUT SAYE) SUONIPUOd Juruing jo d3uer

ON proIq B Iopun sAIyp[im Jo el peaids ay) 10§ [OPOIA

U W 9z [—(0"Q :a3url Y 19seep [8¢]

"PUB[I0OS ISBA-Y)I0U
‘SPURIOOW SLIDSINA DUNIIP,) UT INOTABYSq I UT UOT)E

Surpuaixa ‘sjord w () X 07 Ul saIy [ejuawradxa ouIN  -11eA SUI[onuod siojoej Ay puejsiopun [/ 17] Te 10 8507

U W 6/ [—7( so8uer Y (sySud] sur| uonust og
0} G7) 9ZIS 9[qeLIeA [IIM saIy [ejuswiiadxe gz woiy ereq

FEUL N |

:o3uel Y "seare [eyuawIddx? g 1940 Surpud)xd ‘sugred
W) P[oY [BIAJS WOLJ (6L = U) SUONBAISSQO Pealds oIL]

" _UIw w9 7 [—(0"( d5uer Y
“w () 0T X (M) ST s107d Ut (4] =) suinq reyuowLadxy

" ULl W 6°g—g°() :o5uel
A W (T) 0€ X (M) 0T s1o1d ut (57 =) so1y [eyuswtiadxy

‘spoyjowt
10§ [1G1] 99§ "papraoid uonngrusip ejep uo S[rejep oN

‘(W G pue ‘¢ ‘T X [) siuawriadxa 9[eds [[eWS ¢¢ WOIJ Bl

'sadA}) 1ony
18910 UI SAIY JO JOQUINU UMOUNUN ¢, _UTw W g4, 0} dn

"A1e)] ‘speny qnuys ur Apiqrssaxddns o211 uo 3y pue
PEO[ [oN] JO J99JJ0 Y} PuEBISIOpUN 0) ([9]7] ‘Te 30 [[0oSY
"SpueB[qQNIYS
e[nsurudd uendqy ur uonesedoid a1y Surfopowr 19139q
Je pawIe Bjep INOTARYSQ 11 JO9[[00 03 {[T/L]] e 10 BSoA

"PUEI0OS ISBI-YIIOU ‘SPUR[IOOW SLIDSINA
punjIp) Ul SUONIPUOD ISYIBIM PUE [dNJ PUE INOTABYI]
a1y uoam1dq sdIysuone[aI Ay 9qIIdsap 0} £[8G] sarae(q

"Koxan], uIo)samyInos jo sony simbewr
ur ejep InorAeyeq o1y 1oyies o3 (6] weSes pue Mg

spue[qnays

"KodIN, Ul Spue)S nUS1u snuid ul Y

9oeyIns Jo uondrpaid 9y} JoJ SpoyIow JUTUIBI] SUIYOBUL
Jo uoneorrdde oy 91eS1ISIAUT 0 {[QQ] OUIADS PUE YNONY

“ejep oIyp[im jsureSe
Jojernuurs AIypyim [eneds € ur pojuowadwr sjopouwr

3 PAAISSQO ((EG]T = U) SUOTIBAIISQO AIYP[IM Wwolj eje  peaids a1y Jo souewtoyrad o) ssasse 03 ([96] ‘[e 19 [IpIe)

| Ut W ge[—g°Q seSuer Y eep ([S1T ‘112 :06=1)
suni 2agpim pue ([09] (91 =u) sa1y ejuswrradxs Jud
-puadapur jsureSe uonen[eAd [SPOIA |junww g/ | pue
€0°0 uaamiaq Surkrea Y Juswdo[oAdp [opow JOJ pasn

[09] seayprim pue[g¢] so1y [ejuswLIadxa /8 WoIj el

‘BI[RIISNY
uIYINOS Jo 152105 JdATeons A1p Joj [opouwr peards a1y
g[qeoridde Afeuonerado ue dofaaap 03 {[19] 'Te 10 ZniH

paystiqnd ereq sguIpury

31:1g |

aAnalqo pue Apmg

(ponunuoo) | sjqey

pringer

As



(2025) 11:8

Current Forestry Reports

Page 8 of 33

8

SOX

SOX

ON

SOX

SOX

SOX

ON

ON

SOx

SOX.

‘Surropowr

[ong 03 sayoeordde uonestundo wy)rio[e or3ouas jo

sagejueApe uo uolssnosi(q sayoeordde snoraaxd uey)
S[opou [onJ 2JeInooe arow padofaadp A[nyssaoong

“erensny
ur A[euonerado pasn AJuarind [opoJA 199)je adofs
UO UOISSNOSIP PUB <Y U0 YISUI[ Ul UONTUST JO 1092
9 uo sIsAfeuy "so[qerrea Kojeuerdxa se Ajsusp ynq
19Ae] Tong 10 JY3I1oy qnuys Jayyre snjd JuaIu0Od AInjsiow
[on} peap pue paads puim yIim pado[eaap s[opowt om],
"eJep p[oy jsurese
pajen[ead S[opoJA ‘10301pa1d € se orjel ssew 0} eaIe
90BJINS SpPpe [9poW PU0dS JYSIAY Paq [ony PuE JUJUOD
QINISIOW [onJ Peap UO Paseq [dpow duo padojorap
sordrourid TeorsAyd uo paseq S[opoU Y JUSISPIP OM,
"[12Z] ur eep Sururen se 9[qIssadde
el "UONEIQI[ED [OPOW [on] JOJ PIsn ejep INOIALYSq IL]
“eIensSny
ur A[reuonesado pasn A[puarInd S[OPOA (97 =u) BIep
Kpns 9sed 2Iyp[IM pue [ejuowLIadxo JsureSe uonenead
[OPOJAl "SOLIIOW JOA0D pue JYSIoY [on) PuE ‘dInisIowr
[onJ peap duy ‘paads puim Aq pauredxa ¥ Y Iy
UMOIO pUE 90eJIns Joj s[opou Jeuonerado padojesdg
‘suonorpaid [817] wlsAs ('
SN[JoABYDY 9)en]eAd 0} pasn eje( ‘peaids Jo sajer uo
Joyjeam 211 J0 95k [anJ JO J99JJ2 UE JOJ OUIPIAD PAIWI]
opm3 Suruing paqrrosaid
® ojur poun) [9poJA ‘suondo indur [ong JueIeyIp Moqe
0} podo[oAdp S[OPOW SNOLIEA *SI[QRLIBA [EINIONIS [ON]
PUE JUUOD 2IM)sIowl [ang suy ‘paads puim Jo uonouny
& se do[oAap sJopow pealds oIy umoId pue 90eJIng
"(xopur) A11ouaSoIe)oy [onj pue JUAIUOD 9IN)
-stouwr [onj Adoued ‘WyS1oy [onJ ‘paads puim YPm <Y jo
S[opoW 2)eIOUAT 0) PAsn UOISSAIFAI s3osqns 1sog ‘paads
purm Aq pauruaep A[oSre[ ¥ "So[qerIeA enuangur
jsowr 9Je3NSaAUI 0} sisA[eur Aouepunpar jo uoneorddy
‘so[qerTeA Juapuadopur st Udsoyd AIMSIow
[oNJ 9AI] PUB IOA0D UONEIOFA ‘paads puim yam Y
10§ pasodoid orom SIsATeue uOISSQISOI UO Paseq S[OPOIA
“JUQIUOD 2IMISTOW [ong 9AI] pue ‘adors ‘paads
puim Suroq punoj so[qeLrea [erUANYUI JSOW Y} YIIM
‘soTwreuAp a1y AJnuenb o1 pasn sIsA[eue uoISSaIFar JeAUT

| -UIW W 97— :9SUEI 3 ‘UONEPI[EA PUE UOTIRI]I[Ed I0f

(oF=u:[612] ‘F1=u:[9zT] ‘F1=u:[STT] ‘01 =u :[$CCT
‘czz]) S99In0Ss 90ULIAHIP WO BILP Y [BluswLIadxo pasn

" _unw O[T :eSuel Y (¢ =) SIYp[Im

pue (9 =u) suinq pequiosaid woij ejep jsurese paje

-N[BAD [OPOJA] "PHHOM Y} punoIe sadmos dydnnur woij
(6L =u) ejep J uinq paquoserd pue [ejuowiadxa pasn)

‘U W G =10 :98uel Y ‘uonen[eAd
[opour 10§ [¢] 1sax0F dutd pue ([4971 ‘LL] ‘9¢ = u) 15210}
-urer ¢([zzz] ‘91 =u) uoneyueld 1dATeona Ajowreu ‘sadA)
[ONJ JUSISYIP UT STy AJISUSIUI MO] WOIJ BIEP ¥ PIS)
*j_uI w9z o3uel Y “(YISus] sulf uonIusI
W ()G—G7) oIy [euawLIadXe USALIP puIM () WoIJ eleq

",-uIu w66 03 4 :o8uer Yy [18] pue[eg] woiy
(19 =u) ®jep uinq poquiosaid pue eyuowradxa pasn
LU W 7y6-8'
a3uer y "(eY G’ ~9zIs uerpaw) 3z1s jod 9[qerrea
M SIS JoUnSIp 1Y) I8 (G =u) SaIy [ejuwnadxyg

" ZUTW W G6—¢ SFURIL Y W 0ST X 0ST 03 00T X 001
woiy 9z1s ur Surduer (£9=u) saIy [ejuswradxyg

U w9z [—¢°( d8uer Y sjopd
w () 0T X (M) 0TS ut (Lg=1) sa1y [epuowiiodxy

ELILERS i A1)
:o8uer Y "s1ord w ()¢ X O Ul (8] =) soIy [ejuswrIadxyg
|| _un

w 4°8—9°() :93uer Y ‘%61 01 dn ssoudoss adoys jo a3uex
® 1940 s10[d W GZ X GT Ul (L] =u) Sa1y [eyuswrIadxyg

‘[S1] 1opowr peaxds a1y 9oryINS
[ouLIOYIOY Ay} JOJ S[OpowW [anj woIsnd dojoAdp 01 uon
-esrundo wiyrio3e onouad Ajdde 01 {[+9] 'Te 19 1]00sYy

"Plom ay) punore sadK)
pue[qniys jo a3uel apim & 0} 9[qedrjdde jopowr peards
a1y Jo 9.1 o110ua3 & do[oAap 03 ¢[/] ' 12 uosIopuUy

‘sjuowtradxo
PIoY isureSe 9Jen[eAd ‘SUOIPUOD PUIM OU JOpuUn Y Jo
s[opow o11auad do[aAap 0} {[g9]SOpUBLIS,] PUB BSSOY
‘AR ‘spueyieay ueadoing uIaynos
ur [0zz] SAA 9sn pue 91eIqI[ed 0 {[61] Te 10 OUuLIYOIBA

‘errensny ‘spue[qnays ydAreona
PLIB-TWAS UT ¥ J0J s[opour dofeaap 03 £[1/] Te 10 ZnI1)
"BI[ENSNY UI)SIA JO SPUB[qNIYS UeSuomy pajeur
-WOP-989089)0Id Ul JNOTABYRQ I UO SI[eLIeA JOUIEIM
pue 93e [onJ JO 109]J2 9Y) dUIEXI 0) ([(g]] '[& 10 SUILIUO]

‘eI[ensny ‘spuejqnays jdAeons prre-ruos
BI[ENSNY INOS UI INOIABY2Q 21 UO JYIEIM PUR [an] JO
100330 oy} SurqrIosap sfopowr dojeaap 03 {[18] Te 10 Zn1)

"PUBI00S ‘SPUB[YILAY PJRUTIOP SLIDSINA pun)
-]p) Ul INOTARYDQ I PUBISIOpUN 0 ([G/ [] ‘Te 19 salaeq
"Ko¥an ], “YUSUIUOIIAUD UBSUBIIONPIIA UI
smbeuw [[e3 ur SUONIPUOD Ioyjeom FUIAIEA UO PIseq so1)
-S1I9}0BIRYO JNOTABYQQ I SUIWLINAP [4/]] Te 10 weSes
‘Ao,
‘spuejqnuys ur uonegedoid a1y uo adofs Jo 109330 oy}
Jo Surpuejsiopun oy} asearour 0} {[¢0[] ‘Te 12 weSes

paystqnd ereq

sguIpury

ele(q

aAnalqo pue Apmg

(ponunuoo) | sjqey

pringer

AQs



8
33
9 of
Page d that
e foun ifer
er on
. W T C ot
dies w Fo ist
stu 'Vlty' nex
field acti do g.
ntal n fire e base ms [e.
rime Crow 5] wer rOgra llshed
xpe of 8 np b f
e d 84, ur u
few ihoo d[ 1b nt p eo
a ikeli tifie imenta iffere rang t
Only h the 11. idel’l erim m dl idef effec
ealt Wlthe studies rical expdata frOwith 4 VtviﬁeS the set of
isto . n
)11:8 ? rests, tfrom hlstmbinlng datasettter quans The o ds has
25 o ta Co ling t be sses. blan 1
(20 ine da 88]. del tha oce hru [81,
ing 7 mo itions € pr ts ets
rts 6,87, a ditio fir lyp tas
Repo 5, 86, ives con son eucaly) tda
. : c
restry ’ €s g her iable i-arid istin
urrent Fo . studi d weat tal vari Seml_a. lng di
C o el an en lian bin
>~ fu ironm: tra com
o ° f envir in Aus d by
£ S “ < © ning odelle
= ~ < £ Crowbeen m S
=) ] . < I = re
1P i ¢ o wading fes
e 2 &3 ° & 83, istics ee spr of fire |
A e T 5 i s teris ics in fr acts [91],
8 g 2 S 5 e & harac istics imp ifficulty nt
*é 82 = g g g 0 2 Zone C acteri imate diffi lopme
g 8o S g5 = (o] ar 8} ion e ]
= g% S =8 3 3 e ch des ssio dev 95
& c 32 = 8 = o Flam me an re he 4,
< R 3 Z =% = g fla nd upp. ive t . (9 ight,
‘g R S E Z ° = g g dge of dersta [90], s to drivi ation heigh
g i g g = =% 2 & Knowle d to un nents 3], and propag ﬂamedﬂame
8 S = g e g &= e 0 93], e as e
& Z 3 e s E 5 = = ed mp 2 fir h rv 6].
S & i o 8 2 R EE S is ne co 92, of suc se 9
ft‘)g % = 'qz g 3 3 g 2 18 osystem posure [ odels metry, Only Obimentsﬂ[ame
<35 8 g2 2 —83‘0% ;o ecosys n ex ex m eo mm erime _
g2 523 : % 5i¢ radiatio complex mod st navions e’;ﬁodelllnfe stud
< 3 3] A g5 > 5 re io he ha d he t
o= aug;. = gogu,ﬁ mo imens et be an T lyp
53 = S g, = 5 f me ar e ing 3). ca .
5 3 < 2 a2 2 .9 =] ) (6] di th’ in fir rin le in eu _
° S e = g . = ‘18 £ 3 E me dep ics in easu Tab nin intensi
&2 S g S 4 2 I 8T E . Fla and istic ies m s ( eve ine int
154 =] ~ 2 g 2 & S A g 2 < le ter die fire ds line res
S k5] 28 = TS = S gle, ac tu al an re k-fi
S5 oqvo>, Uﬁo«»@«s an har 7s iment S ffi c
=8 goa:EH 12} @on—o C d1 me pe o ity ba ittent
w2 v & 2 b= e o nt ifie eri Ity nge sity itte
2 i £ow 3 - < & fro ti Xp fue range en rm
b= o =3 = s .5 Q-,C_.) b= iden in e d ad 1nt inte th
£ 8 Tsz g E -2 We i ions i blan bro low ity i is wor
: z2 < 5 E on u a sity S
; g : é é E £ 3 dimensi n in shr cOVereding frOn‘jgh intenl4 m. It 1timatGd
Eaiie] 17} - ve ts, ng hi €s d-
6| & o zE 2 2 ies. se res ra to to Iy or
215 = = E 1es, se fo izes, 1 m up o ua rec
o S Z. = ne siz 0. ichts V1S ideo d
5 S« = kS 1 e f 1g n ide ics an
! = 5 = dp am 0 he fte Y istics
£l s . - & e an dfl ights e ¢ often or sti
£ Yoy 2 2 _ ies an eig flam ar hic teri ads
= g% = N =2 esa h ith ions rap ac le
e = - = t1 me 1 10 g har ds
g S = 15 ith fla S W imens hoto c tho ck
~ 5 £ R 5 B2 ith ing fire dim p ame me dla
P =P g £8 w ng e from ffl ing an
< ) el o =) s 3 ni flam r Y uri 98] me
A % &% zZ s £ 3 Trow at ts o tur eas 7, . fla
= B g - 5 ES ¢ ine th imen ient na d mi s[9 ting ts
£ 2 e = ~ ol g v oting €rim sien epte ent rela ffec
< = g PO g T3 nott exp tran acc rem ies nd e t
R s g B = e S ng he d asu di ities a is no
= K g3 ri T an e tu 1es 1s
s 3 5 ° [<Ie=! & du ]. d m . S tit ions .
=73 g g 96 ne in the ng n on
2 A B9 g = = fi t ri ua si ing
EE S X 7 2 5% S 5 ings [ k of de inty in ompa iour g dimen: tics be g
£ 5 E 0 g g £z @) = the lac ncerta hen ¢ behav f flame cteris tunisti
95 S o S g o35 ﬁ&,ﬁ ich u w fire ion o hara or in
£3 8= S o 2 Z hig istency er fir ion c opp nt
& 57' o g £ s EE S < tof consiste with Othacterlzatith thesebtained r eleme and
F g T 5 5 2N ions r (¢} ino S
o é‘é LE x 5 & = g1 O'menslon the cha study, v.vs often st a min method
= Z - 2 = , n he ti ju n
@_ESA. uagmg g di Ofte ft tha nj do h
¥ 5 £2 32 Q = el 8]. im o e ofte ide suc
=) = - = 28 I g£r [4 in aim atyp Iso il provi ies, :
SR el =& 4 = S = mal dat isa il p ertl iative
58 = = bt . o he ry . ta op dia
25 = & = t da ling de I’ a
RN m,:o\. mg‘_.ﬁ ~ on del ittle ep r ed
28 8 g 1= ] < o ec 0 ith lit flam ace, sur
59 9 £ Z £ 3 as m th r sp ea
) KON ] ~ Its 1 he d m r
= =) =) | O 2 a4 - . : n w 0]' ot . an be
e 1E : < poblcati rsanement of in time & sttt mom in
B s & 7 b5 u g. rem ies . ar tan ties
& = § o L B3 ap is [e. su it vari ities bs ifficul
£- 8 @ 5 4 g lysi mea itv loci su diffic the
< <Rt ol hs} naly iled as ve ith a he and
5l & P =2 s 2 a etai ature flow s W tot fires re-
a . = = £ g D per uid rams due ing asu
S = = its tem fl 0g 1 ad iled me .
=h Z = < & 3 = S asits te s, and burn Pt rimari ye-spre tailed ultidis
E: E EERY : e rimental oo onduered in llcing
b=l <= < . T : nts. te lle
3 3 = = = p rim ) en me c o
° 9 = 2= = = e icates m e du C e
22 g 8 5 g 5 JED 2 g in exp eplicat easure easur be con imed at o of th
gg = 8 s E S S = f fire r uch m such m nd to be ns ai e, in tw
% .8 §2 2 2 Lo 23 Y ining s re of ties te mpaig f note,
< g Q o= |5} > =4 btai tu er ca ] O
b= 23 s = g I 0o nal TOp nt 90].
& o 4 ol S [a} 2 rous ep reme ata [
3 £ Eé i EE one of flam measu sfer d
o) = =5 |3 s an
L Ss 2 HE Cintnany dots crey
= & n S o g &5 ciplin ntal en
oS o — 32} =
5 @ = 2 §§ =3 38 fundame
o2 Sy 5= 2 2%
g E g2 3% 2%
222 g2 §7 ¢ g EE
g2 g 2 =38 283 £ £
Q 3] 5 S o) g = a.
£z =3 E T =8
512 2% EES 3
3 g s = 53
=3 § S A
5|2 &
= 7
(]
[

ringer
@ Sp



(2025) 11:8

Current Forestry Reports

Page 10 of 33

8

*S[OPO [[& SSOIOB SI[QRLIBA UOWIIOD 3} 2IoM paads
PUIM PUE JUSJUOD 2INISIOW [9NJ PEI(] "9OULINII0 I UMOIO
pue Ajiqeure)sns peaids a1y jo uonoipaid ayy 10y padoforop

ON SO[QEBLIEA INJONTS [ONJ JUSIIYIP UM S[SPOU JO Ioquunu Y
-amyeroduwro) Juo
-1quie pue 2d£} [onJ ‘(pIemorq Io pIemIo}) uonoaIp peaids
Q1Y QUIIU0d 2INJSIOW [anJ peap Jo 10919 2y Junesodioour
‘peaids o1y Jo pooyI[I] [opOW 0} Pasn SISA[eur UOISSaISaT
onsi3o7 ‘peaids a1y paurelsns-J[3s jo Ayiqeqoid ay) uo
Qouangut Jueoyusis pey s10idriosop xodwos ony pue syuow

ON -0INSeou JOUJeam K9I0)SIopun JuSjuod QINISIOW [onj pea(y

‘Surwey paure)sns JuTUTWLIANAP

9[qeLIBA [ENUINYUI ISOW A} 9q 0} PUNOJ JUAUOD dINJSIOU

[onJ peap dur] "AJPIuNY SAT)E[OI PUE JUAUOD SINISIOW [oNnf

peop ‘syuauodwiod [7 7] walsAS [ UBIpeRURD) 9} WOIJ

[ony 2oejIns pue adA) [any Jo suoneuIqUOd ()] J0j pado[eaap
uoneSedoid Surwepy paureysns jo Aiqeqoid 10J SJOPOIA

-ad£y puess pue syndino [z17]
SO woISAS [M A UBIPBURD) Paseq SPUB)S $S200NS UINQ JO [9POJA
"[€€T ‘2] eyep yuopuadopur jsurede
Ppajen[eAd S[OpoJA ‘uondwnsuod [onJ Q0eJINS ‘S[onj peap Uy
JO JuUUOD 2InIsIow pajewns? ‘des eyens [onj ‘paads purm
uado w-()] U0 Paseq 9OUIIINII0 AT UMOID JO POOYI[NI]
ON 9y 10} [opowt dOJOAdP 0} pasn SISATRUR UOISSAIFI ONSISO|
‘[€€T ‘7] eyep juopuadopur jsurede pajen[eAd S[OPOJN
“xopuy dnpying pue xopuf peaids [eny ‘opo)) Jysnoiq
“9po)) 2IMSIOA] [on UL :[7 7] WaISAS A ] UBIpRUR)) o1}
Jo syuouodwod moj pue ‘paads puim uado w-(] ‘WYI1oy aseq
AKdoued woIj }$910J [8210q BPBRUEB)) UT 9OULINIOIO0 AL UMOIO
ON JO pooyI[aYI] 9y} SUIqLIOSIP S[apow JuaIPIp padofaas(

‘peaxds

0 pa[tej Salf ¢ JO [e10) V "W G 01 6/ Usamlaq

SurAreA sout] uonIUST JBIUI YPIM SuIng paqrrosaid
Teuonerado pue say [ejuewLIodxe woiy (9 =1u) ereq

's1o[d oprm w G0

ur sjuewIIadxa INOTARYQq I IOFIe] 0) SAIY QUI[ 9PIM

W 7 M S[eLn) AN[IQeure)sns oIy wolj poSuel sazIs oIl

‘uonededoid paureysns-uou 03 Surpuodsa1iod /¢ yim
‘KMIqeureisns peads oIy JO SJUSWISSISSE G9T WOI) Ble

‘paure)sns-J[os Jo paysInSurIxa-J[os se payls

-SB[O SQIL] "S[oNJ 90BJINS 1M JOBIUOD U YOJell USPOOM

PIOYsNOY] JO 2SN U0 P11 uonwisy (L] =U) SoIy
rejuowLIodxe 9[eds [[eWs UO Byep [BILIOISIY JO SISA[eUY

‘parewinsd Ayifrqeurelsns peaids oI pue I9A00 uIng
'sjo1d wr (¢ X O Ur (G¢ =) soIy [eIuswrIadxa woij ele(

'[90¢] ur uaAIS elR(] "[ESMIO pUR BI[ENSNY
‘epeue)) Ul saIy [ejudwLIadxo J00pIno woij (1, =u) ejleq

'[90Z] ur uaAIS eye(T *[S] JoSeIRp WISAS

dg4 Jo 19sqns s1 e "sarnjonns xa[dwod [any jo aguer

IpIm & pue sadA) pue)s 15910J JUSIQYIP [eIADs Surssed
-WOOUD BPEUR)) UI JNO PILLIBD SAIPNIS Wol) (g9 =u) e

‘eI[RNSNY ‘spueqnays jdAeona

PLIE-TWIS BI[ENSNY YINOS U INOIABYDQ I UO

IoUJeaM PUB [an) JO 199JJ A} SUIQLIOSIP S[opow
doreasp 03 pawre Apms [erouad ¢[18] Te 10 ZnI)

‘Topowt 2and1paId dojarap 03
{[eSmuIod jo spueis duid swnLew Ul 1Y JUI[ B JO
uoneSedoid poure)sns-J[os JUTUTWIANOP SO[qRIIBA
[BIUSWUOIIAUR 9} AJIUPT 0 [/ ] ‘[ 19 SopuBUID]

"S[onJ 90eJINS 1$2I0J [82I0q UI SUNUE] Paure)sns Jo

POOYTIaYI] 93eSNSoAUT 0] ([()7] UONOA puE A[1oAdg
"PUBTUL] U S}SQI0J $21gD DaD1J pue
S141824]4S SNU1g [8910q UISYINOS UL SONSLISORIRYD
INOIABY2Q 21 JUSWNI0P 0 £[G/] ‘Te 19 udueysue],

"SO[QRLIEA [BJUSWIUOIIAUD UO PISBQ S0USLINOI0
a1y umoId Jo [epowt dofaaap 03 {[¢8] 'Te 10 zni)

‘[e1e]
syuouodwod waIsAs (JA]) XOpUJ JOUIBIA OI1]

1S3l04 ueipeue)) m:_m: 1S3I0J [ealoq Ul 93UALIMNII0

21y umoId Jo [opowr dofeadp 03 {[+8]Te 10 zn1)

paystqnd ereq suIpury

31:1g |

aAnalqo pue Apmg

SAIpMIS (UMOID *SA d0BJINS) 21y Jo 2dA) pue Ajjiqeureisns peaids ‘uoniusdi a1y Jo sSUIpuy pue ‘ejep ‘saanddfqo g ajqel

pringer

AQs



8

Page 11 of 33

(2025) 11:8

Current Forestry Reports

"pooyr[ayI] uonTusI jo
s10301pa1d 1593U0ms 9y} 21om (JUSWASURLIE [aNJ "9°T) pIeZeYy
[NJ [[BISA0 PUE JUJUOD INJSIOW [NJ-oUTY 0BJING "SISA[eUr

ON  UOISSaI3ar o1sI3o[ Yy3noay) po[epow uontust jo Afiqeqoid

"JyS1oy JONI[ pUe JUSIUOD
QImsIow [any JaRI[ Jo 109y ay) Juneiodiooul sisA[eue uors
SOx -sa13a1 o1s130] W01y pado[oAap $$900NS UONIUTT JO S[OPOIA

‘ImoI3 a1y pue adA) wonrudt
JO 10910 “INOIARYQq I UT SONUIL)IdOUN dY) JO IXAJUO0D 9y}

UM passnosip pue pauasaid ejep ym Apnis oandriosaq
‘paads puim
AQ pauTwIodp JUTUMOID JO JASUQ) JUBOYTIUSIS OS[B SBM [9A]
punoi3 0) 9s0[d s[anj AUY JO AINUNUOD Y], 192 JULOYIU
-31s 1ms nq A1epuodss e Jurary paads purm yIIm JUIUOD
QInmjsIow [anJ JoNI[ Jo uonouny e Arrewrad sem Ajjiqeurelsns
peaxds o211, "SISA[eue uoIssa13a1 onsI3o[ Sursn pa[[opow uon

SOx -eedoid a1y umoId pue peaids oI paure)sns Jo pooyrEyI|

‘uoneSedoid a1y Jo pooyrayI|
0] pajefal jou os[e 2dA) puejqnuys *, SUonIpuod [eyudwWLIddx9
Jo a3uer oy} Uy, AYI[IqeUTRISNS 91 SUTUTWLINOP Ul SO[qe
-LIEA JOUJBOM Q11 JO 109JJ9 aY) 10 eiep oy ur yoddns oy
SO ‘uonegedoid a1y Jo 10301pa1d Suomns € sem I OUIS W],
*$J[NSAI QAISN[OUOD J0J AIBSSOIOU 9q P[NOM SIL
193xe] 3o} Suneorpul AT ‘sa1y SuroS jo anoraeyaq Ayojed
Q) AJI)uapI os[e s)nsaY “IoAe[ JopI)/ssow pue Adoued 1omof
Y3 JO JuRIu0d dImstowr oY) Surstidwod 10308) INISIOW
S9x  [onj e pey uoneSedoid paureisns pue uonIuSI 10§ [OpOW 1S9y
‘[6L] .AIessa0au a18 SUOIPUOD AINISIOW [an]
pue puim Jo aSuel 19)eaI3 B WOIj UONII[0D BIEP [RUOTIIPPE
pue paads puim Jo 30910 9y} JO UONESNSIAUI JOYIIN,, ey}
910U YIIM ‘S3IY JO JIqUINU [[BWS QUOTE JUJUOD INISIOW
[on} duy peap PAJBAL[Q A} WOI UOISSAISAT oNSISO] [RUIPIO
ON YySnoayy pajjepow peaids paurejsns pue uonrusi jo Afiqeqoid

‘suinq paquiosaxd feuonerado
JUQIOYIP AL UT suonIus1 Juapuadopur Gf Woij e
‘SnIpel W G'] © YIM Je[noIo
QI9M $10[d "SUONIPUOD PUIM OU JOPUN ‘SIS JUIIYIP
81 Je sa1y rejuswradxe uonmSr-jurod g/ woij ereq
's$9z1s pue sadA)
uonIu31 JUAIPIP YIm syuawriadxa o3 ureyrad eje( 1s9
-10J [B210q URIPRUR)) UI SAIY [RIudwLIadX? [ Wwolj eleq

‘uonepIeA

[opour 10 pasn ejep uing paqriosaid reuonerado pue

QIYP[IAA “SYISUS] U] uonIuSI o[qeriea :[[8] pue [68]
woIj (19 =u) ejep uinq paquosaid pue [ejuswradxyg

-o1eSedord 0y
Pa[Tey soIy 1 “(BY G'() ~9ZIS UBIpaw) oz1s 10[d d[qeLIeA
)M SOYIS JOUNSIP 931} Je (G =) SaIy [eyuawrIddxyg

sjoid wr g x g ur
syuawradxa suonruSt sury pue jurod woiy ()7 =u) 1R

(D w8 X (M)
W G[—/ Ud9M19q paLIeA Sjo[d “syuawrradxa (] =u) A
-[1qeuressns peaids pue (;¢ =u) uontudi yurod woly ereq

“eIeNsSnY
‘s1s910§ 3dA[eona ur suonIpuod Joyjeam Iy [eurd
-Tew Jopun AJIqelrudt Surousnyur sanqriie
Pag-[ony Aoy ayy Afnuapt [ 1z] yn( pue uosme)
‘Tizeag ‘syonj isaiojurer ur uonesedord
a1y jo Surpuejsiopun daoxdwr 0y pue peards
a1y jo Ayrqeqoxd oy 1o1pard 03 {[£/] 'Te 10 oYL
"JSOIOJ [89I0q UBID
-eue)) 9) UI SAIY [RJUSWILIAAXD JO SILIAS B WOL)
s3urpuy ssnosip pue Juasaid 03 {[GG] Te 12 FRYIN

“BIensny
‘spue[qnays 1dA[eona prie-1was 10y S[Ppow uor)
-o1pa1d moraeyaq o1y dofeasp 03 {[1/] Te 10 Zn1)

BI[En)SNY UI)SIM
JO spue[qnIys UeSUOMY PIJEUTWIOP-IBOL)0I]
UO INOTARYQAQ I UO SI[RLIBA ISYjeam pue a3e
[oNJ JO 193§ ) SUIWEXA 03 {[08] ‘& 10 SUIBIUO]

"PUB[I00S ‘SPURIQILIYS SLIDSIHA

punjIp)) Ul SAIY JO UOTISNQUIOD PIUTEISNS pue

uonIu31 SUILISAOS Ul 2INISIOW [dNJ PUB Jayjeam
JO 9101 2y} QuTUIIAYAP 03 {[(L]] 8897 pue saraeq

‘Topowr 2and1paId dofaaap 03 ‘pueresz

MON] Ul spue)s (snando.ana xa))) 95103 ur peaxds

QI paureIsns pue uonIus1 pajoayje jey) SA[qerIeA
Q) SUIULIANAP 0} [/ ] UOSIOpUY PUB UOSIdPUY

paystqnd ereq sguIpury

31:1g |

aAnalqo pue Apmg

(ponunuoo) zsjqey

pringer

As



(2025) 11:8

Current Forestry Reports

Page 12 of 33

8

ON

ON

ON

ON

"Josejep uornen[ead juopuadopur
ue jsureSe AoRINOJR [[BISAO [9POW UO PISeq IAYISSLd TN
wnuwndo 9y} Sk POUTLINOp Sem SUIYIRIA 10303 11oddng

*p1sa) sayorordde JoyIsse[d (TIA) SUTUIBI[-OUIYORW [EI0ADS

Juowdofoaap

[opow UI pasn eyep ay) JO %6 A[091100 pajorpaid S[OpOA

‘uondwnsuos [onj 9oBJINS puE JUUOD dINIsIow JoPT| ‘des
'jeIns [onJ ‘paads puim uado jo uonouny e se Aiqeqoid
QI UMOID 9QLIOSIP S[OPOW Isog "P)sa) sindur dAneuINy

‘uonrugt

paurejsns pue uonrusT SUIUTULIREP SI[QRLIBA UTRW SE 0GP

amssaxd Jodea 3se103-ur snyd ‘sjony 9deyINS IEAU pUE I

JO JUSIUOD AINISIOW Y} POYIIUIPI SISA[RUR 921} UOISSAITOY

'S9[qeLIeA JO Joquunu oSIe] € JO 1099 9y} Jo uonero[dxyg
‘S9[qeLIBA FUIOUSNUI Urewr
se 9rogop amssaid odea pue ‘ainjerodway are ‘Ayrprany
QATIE[QI SB YONS SO[qeLIeA JOUJEIM PUE BOIR [eSeq 9)JedIpul

sjinsoy ‘uonededoid paureisns Jo SISALIP UIEW 9)e3NSAUL

0] pasn s[epow uonenbs [eINONIS pue UOISSAITI oNSISOT

"UONBN[BAd [9POW O] Blep uIng paqriosaid 1Yo

pue Igp[im pue Sumy [opowr o [68 ‘18] erep umq
paquiosaxd pue [ejuswtradxe Jursudwoo [[/] woly ejleq

‘[s8] Aq pasn eyep woiy
pauyal sI ejep aseq "61 07 PUB 096] UdamIdq epeue))
Ul Ino paLLed sary rejuawitradxe woig (g1 1 =u) vleq

‘uonu3r jo jurod oY) WoIj W ¢°() JuInqg IO U G

10} SuruIng panupuod 1Y Ay} JI paurelsns sem UoNIuSI

QUL "spueIqaIy Surwey y)rs uonrusy "s9)Is XIs pue
SUOSeas a1y om) sso1oe sydwane uonrusi 06| Wolj ejeq

*SOINONAS JSAIOJ-BUURARS JO oSULI
© J0A0 sjo[d W ¢ X ¢ Ul saIy [ejuswradxa Z(] Woij eje(

*90UQ1INOJ0 I UMOID pue
Aj[Iqeure)sns o1 JUIAJISSB[O UT SPOYIAW 20UII|
-[9Ul [eIOYIIE 159) 0] <[¢8] ‘Te 10 IPRWEYOWURYS]

'$1SQI0J JOJIUOD
UBIpEUER)) Ul 9OULINDI0 I UMO0ID Jo Ajiqeqord
9y} [opowI pue puelsiopun o0} {[¢7] T8 10 SD{eIIRg

‘BI[ensny ‘sjsaroy 1dAreona durep
puE Jom UI spueIqaly Surwey woly AjiqeIust 19)
-)1[ JO SIOALIP QY puelsiopun o} {[z8] ‘Te 10 uosme))

‘[1zexg ‘uoneioSoA OperId)) Ul 1SOI0J-BUUBAES
ur uone3edoid pue uonIusI a1y S[ONUOD INJONIS
uone)aZoA MOY| puEISIopUN 03 {[8/] 'e 10 ALIdqMaN

paystqnd ereq

sguIpury

31:1g |

aAnalqo pue Apmg

(ponunuoo) zsjqey

pringer

AQs



8

Page 13 of 33

(2025) 11:8

Current Forestry Reports

"BJEp P21O9[[0d Y] JsureSe
S[opOW SWIT} 9OUAPISAI pue YISUQ] JYSIoY dwey JUAIAYIP JO
uonen[eAd "sONSLI0ORIEYD SWE PUk INOIABYDQ I ‘SI[qRLIBA

ON [eIuaWUOIIAUS UdamIaq sdiysuonerar jo sisA[eue A1ojeroidxg
"S[opowu
[ong JuaIelIp Joj suonoipaid (¢ snjgeaeyog jo oouewrroyrod
9Jen[eAd 0} pasn saIy Sun{oeq pue SuIpeay Joj elep Swe[y

SOx “Jiun pauing Jo Surpeo] yiim paredwod ejep yiSus[ swel]
‘[s¢2] sepmS uinq paqrosard ur pajuswordwir S[OPOIA
‘uoneedold premioj pue yoeq I0J S[OPOW JUAIYI(T "SYISU[

ON pue JySioy swey jo suondo Juljjopow JUISYPIP PAUSAIJ

“Surp
-Tepowr dn mofjoj 10§ [)9] pue uondriosap eyep 10j [¢7] os[e
99§ "so[qerIeA A1ojeur[dxa se JYIIAY [ony qnIys pue Y 3uisn
JyS1oy owey Jo Sur[[opoJA ‘(Mo[eq [+7] ‘Te 10 UONIOA 29S)

ON sormjerodwo) SWey pue SAWI) ddUIPISA JO sisATeue 2AndLIosaq
I3UQ[ swepy parewnsa ploy pue y3usl swey oryderdojoyd
U99M12q ISBIIUOD PIPIAOI “SUONIPUOd Suruing paquiosard

SOX Iopun AJISUQ)UI QUI[IY UO PIseq YISud] swey Jo [SpOIN

'S92IN0S P[AY pue (90In0s Yiim Suikiea) A1ojeroqe| uo
Paseq spuaI) JUAIQJJIP PUnoy "eyep ay) Jsurese sjopour o[3ue
ON pue JyS1ey ‘YISu9[ Swey Jo Ioquinu e Jo sisA[eue A1oyerojdxg

‘suonIpuod Juruing paquidsaid o) oqesrdde xopuy Ayisuaq
sox  Adoue) ® 10 AJISUIUI QUI[AIY UO Paseq YISU[ dwey JO S[OPOJ
o
Q0UOPISAI SWIB SALISP 0} Pasn ejep 9[dnooowrroy) pue 09pIA
U99M12q ISBNUOD) 'S 16 03 dn paguel sawI) 0UIPISAI <D, 00E ]
0} dn sarmyeradwa) awreyy Yead "saIy Aysuajur ySiy uo
OoN JyS1oy yim sorwreukp arnjerodwe) swre jo Apnis aAndrIosa
‘Kdoued
9y} Ul JYSIAY [BONIOA )IM UOTIRLIEA PAMOYS saInjeraduw)
QIR PAINSEIJA] "SI [ONJ UMOID JO J[Nq Y} 2I9YM PUB)S }SAI0J
oy Jo paryy soddn a1y UL PALMIIO SAN[EA WNWIXEIAL - W M
06T PAYdeI saxny ASIoUD JURIPEI WNWIXBW PUe ‘), 0EE [
ON Papeaoxa sarmjerodwo) sweyy yeo  ‘sisAreue aandirosoq

welr=¢o

:o8uel yySus[ owey ‘W g—¢ () :95uel JYSIY W] "SIy

[eewLIadXa ()7 Ul SJUSUIRINSBIW SUIT} QOUIPISAY
“(s101d W OGZ X 0ST 03 001 X 001) $1Y [eyudwLIddXd

¢¢ ur 9[3ue pue YP3uQ[ WYSIOY SWeY JO SJUSWINSEIN

‘w g’ o1 dn

)Su9] owre[ ‘suor3ar a1y Jur{oeq pue peay Joj syi3u9|

owreyq ‘ureped uonmst pading ‘suoNIpUOd suIng

paquosaid sopun pouing sjofd ey 4(°( Y31 woij eje

w 7'$—60"0 :93ue1 YI3u9] pue Jy3Ioy
Qe "SIy [ejuswIadxo W G X ()] Ul SUOISUSWIP

Juwey A1y Joeq PUE PIY JO SJUSWAINSELIW 9§ WOI} Bl

'S /8- :93uel QW) SOUIPISAI
‘w41 03 ¢ :oSuer JyS1oy swe[] sae [on jo oFuex

® J9A0 W ()07 X 00T S101d ur syuswiradxa JyS1e-K1ouIN

W G [0 :9Suer YSud| swel] 19seIep [86]

Surpuaixa ‘sjord w (g X (g Ul sa1y [eyuawtradxa auIN

‘[602] syuawtradxa proy Sureq auo AJuo ‘sa2Inos

JUQIYIP XIS Woj eyep paysiqndun pue paysiqnd

‘w6 [0 :o8uer yS1oy ower ()

w 0z X (M) W 6T sjord ut suing rejuswrredxe uaolmog

*[22] seay Tejuowtradxe gouru

Ul Q) 90UdPISaI pue arnjerodwe) JUOIj SWe] uo Ble

‘[zZ] sa1y umord

[eduswiIadxa 9 Ul SUONEd0] JuAWAINSLAW A[dNn woiy
soInjerodue) SIIOWOIPEI QWY PUE SAXN] Jeay JueIpey

‘errensny ‘spueiqniys jdAeons

PLIE-TWS BI[ENSNY YINOS UT INOTABYSQ I UO

IoUJeaM PUB [an] JO J99JJ A} SUIQLIOSIP S[opow
dotoasp 03 pawre Apmys erouagd ¢[18] ‘Te 10 Zni)

VSN ‘uonipuod uondriosaid 1opun pauing spue)s

psoiapuod snuig Ul S[anJ pJedIISeW Ul $J09
puE InorAeyaq 1Y dJeneas 0} [o1¢] Te 10 ddeuy]

“IOyIBOM PIIU

Jopun S1$210J .2jspuid Snuld Ul INOIABYIQ I
Q0BJINS PUL)SIOPUN 12)12q 0) ([G] ‘Te 10 SOPUBUIO

"BI[ENSNY UISYINOS UI SUOIPUOD JOWIWINS

K1p 1opun (vipursavui 7 ‘yeare[) 15210 ydAeona
KIp ur anoraeyaq a1y Apnjs 0} {[0¢] ‘T 12 p[noD

"PUEI0DS ISBI-YIIOU ‘SPUBRIOOW SLIDSNA

punjp) Ul INOIABYSQ I UI UOIRLIBA Sul[[on
-u0d $10)o€] A puelsiapun o} ¢[£1¢7] Te 10 3301

“aInyera)] oY) ur pasodoid

U99q 9ARY JBY) S[OpOwW I pue ‘sjuswrradxo proy

pue AI0JRIOQE] JUDAI WOIJ SONSLIIRIRYD dWey
uo uonewIojur 1oyyes o3 {[gt] Te 10 uosIpuy

"PUB[I0OS ISBI-Y)IOU ‘SPUBLIOOW SLIDSINA DUN]ID))

Ul SUON)IPUOD I9Y)JBIM PUR [dN] PUR INOIARYIQ I
u29m1aq sdIysuorie[aI oy} 9qLIdSIP 0 {[§G] seraeq

‘epeur)) ‘SOLIOLLIQ],

1SOMULION] “S15210§ [8a10q Ul sa[yold arnjeradway

Qwel puB SAAINS dInjerdduwol-own ‘Quir) ouap
-1SQI JUOIJ QIR 109[[09 03 ¢[Q¢ ] Te 19 Jo[AR,

epRUR)) ‘SOLIOILLI], ISOMUION

‘SOl UMOID J[edS-[[Ny ul sarnjeradwo) are pue

Kyisuojur A319U9 JO JUSWINSEIW PIA[OSAI A[RI
-odwray pue Areneds 1097100 03 ¢[G7] Te 10 IoTIng

paystiqnd ereq suIpury

elR(q

aAnalqo pue Apmg

SOIPN)S SONSLISJORIBYD SUOZ SWIR] JO SUIpUY pue ‘Blep ‘seAndalqQ € ajqeL

pringer

As



(2025) 11:8

Current Forestry Reports

Page 14 of 33

8

ON

ON

SR

ON

SX

ON

ON

SOX.

"PIsSNISIp ST
1SUQ] Swey Wolj AJISUIUI UI[AIY 2)BWNSI 0} [9POW JLIUTF
® JO ssounjos) "poyuasaid LIIqeLIEA pUE S[OPOW JUAISIXO
IOUJO YIIM PIISBNUOD ATk SYNSAY “pasodoid s1 saIy ooefIns
10 sdIysuoTne[a1 A)ISU)UT SUI[IY-ISU] SRy OLIUAT
‘paads puIm pue JU2IUO0J AINISIOW ‘PRO] [N SUY JO UONIUNY
& se po[[epow sadA) ony JuaIayyIp ut 9[Sue pue YISUS] SB[
"SO[QELIBA [JUSWUOIIAUS WOIJ A[021Ip SULLINOO0 UOISUSWIP
QI Ure}190 & Jo pooyI[ay1] 2y} [opout 03 sydwone yoeoiddy
"pajonp
-U0D SeM SI[qRLIBA INOTABYQQ 1Y JO SISATeue oN "papraoid
SI BJEp INQ ‘SONISLIOORIBYD JWEY UO SNO0J JOU S0P SISATeuy
‘poruasard
QIe SOI pPUBIP[IM UI SAJeI SUIJBAY JATIEIPEI PUE QATIOSAUOD JO
SJUSWIINSEAW PI[TeI9( XN SANRIPEI 9Y) SUIPIIOXd sanfea
01 %G WOIJ PILIBA 9JBJINS JOSUIS ) I8 TUNBIY ANIIAAU0D)

*K)ISUL)UI QUIAIY JO UONOUNJ B SB PI[[opou 1YSIay dwe[]
-uondriosap eyep 10j [¢z] pue [pg] Os[e 998 "W 7 >IY3Ioy
qnuys pue | _ywy ¢'[ >y Jo spunoq uonedsijdde saey 0} pajou
[9POIA 1030k} uo10a1109 seiq e snid ‘sojqerrea K1ojeuejdxo

se Jy319Y [onj qnIys pue Y Sursn JY31oy swey jo Sul[[opoIA

‘padoroaap 1yS1ey s31 Suofe arnjeradurs) swey JO [9POIA "SIy
-o01d arnjerodwa) oWl [BONIOA pUE SWIT) AOUIPISAI JO SISA[BUY

'So[Y
-o1d armeradwa) pue Ayrsorper swey jo sisATeue aAndrosaq

-aseqeiep HYIANOE [181]
‘[e 32 sopueuId 2y} ur poqrdwos sad4A) [ony (L0g =u)
pue[qnIYS pue (90 = ) 1310 Ul PSUI[ WLy UO LIe(

‘oseqerep HIIANOY
[181] ‘Te 10 sopueuta, ur juasaxd sao1nos paysiqnd

J[dnnuw Woj eyep UOISUSWIP SWE[J 9[edS P[oL]

Qwin} SULIOP[NOWS PUB W) JOUIPISAI ‘YIuQ|
Jwey uo ejep SApIA0Id ‘suinqg paquiosaid g woiy eleq

oW MY 0P =€ XN 9ATOIAUOD
Yead *,_W MY 00€—+C :OSURI XN[J SATIRIPEY W O
:a3uer JySroy owel ‘suinq paquosaid g1 woiy ereq

‘w g—T :o3uex
3oy swel] "[68 ‘18] soIy [ejuowrradxa £ ] woij vleq

‘w47 03 ¢°() :oSuer JySroy owel] sk [onjJ jo oFuei e
19A0 W ()07 X 00¢ s1o1d ur sa1y [ejuawradxe 1yS19-A10uIN

D0 00TT-00L

:93uer armerodwd) Swey WNWIXeW s 79 0) |7 :o3uel

QW) 90UPISNY "sTomo} a[dnoosourtoy) ey w-¢ ofd
-DNW JPIM PIUSWNISUI (7 = U) SoIY [eyuowLIadxg

Do 00€1-009

:o3uer axjexodwa) dwey yead ¢ _w MY 0L1-01

:o3uer AyIsorper yeod "(W GG Jo yIpim joid oSeroae ue

ym “az1s jord ojqerrea) sary [ejuswiriodxa ur sany
-exadwoy pue Ajsorper aurey Jo ([ =u) SJUSWINSBIN

"SpUB[QNIYS pue
3510} ut diysuonerar Aysusiur durfaIy — YISua|
owrep orrouag e dojeasp 0 ([8¢7] T8 19 BSSOY

'SQINJONAS [9NJ dYID

-aods 10} A1}OWO033 SWE] UIBIIID B JO 9OULINIO0
Jo Aymiqeqoid oy jopowr 03 ([£¢7] T 19 Zouny

VSN ‘suinqg paqriosaxd

ur eyep uondwnsuod [ony sapraoid (asuodsar oon
)M XN[ SATIBIPRI 91y A)B[A1 03 ([9¢7] Te 10 sypreds

VS ‘SoIy pue[p[im paquiosaid pue

[eINJEU UI SOXN[ JeY SAIIBIPEI PUE QAT)OAUOD
PIA[OS2I-9W) J[[09 03 {[94 ] '[e 10 UeUDJUBL]

‘elfen

-sny ‘spueqnays jdATeons prrie-twas ur Y31y
ourey 10j [opow & dojeadp 03 {[1.] 'Te 10 Zni)

"BI[ENSNY UIYINOS JO ISAIO)
jdATeona A1p 10§ jopowr JyStoy swrey o[qeorjdde
A[reuonerado ue dofaaap 0 {[(9] ‘Te 10 Aouay)

“BIfRNSNY
‘sysa10§ 3dATeone AIp ur sewey Jo 2IMONINS dINJe
-Iodwo)—own oY) 9s1I930BIRYD 0) ([H7] Te 19 UOYIOM

‘TeSnio4 ‘uoneiofoa
puejqniys ur surpeaxds sowrey jo sarnjeradwa)
seS pue Ajisorpes ay) aInseaw o) ([£z] ‘[e 10 Zn1)

paystqnd ereq

sguIpury

ele(qg

aAnalqo pue Apmg

(ponunuoo) ¢ 3jqey

pringer

AQs



Current Forestry Reports (2025) 11:8

Page 15 of 33 8

largest scale field experiment projects ever conducted in for-
est fuel types, Project Vesta in Australia [30] and the Inter-
national Crown Fire Modelling Experiment in (ICFME) in
northwestern Canada [44], detailed measurements of flame
temperatures, residence times [24] and radiant emissive
power [25] were obtained on a large number of experiments.
Some of this fundamental data were then used to parameter-
ize a physics-based fire spread model [95, 99].

Fuel Consumption

Fuel consumption, i.e., the amount (on a dry basis) of dead
and live biomass consumed by fire is an important fire
behaviour property for the determination of fire character-
istics such as the energy and CO, release, smoke production,
and fire effects on ecosystem components. Fuel consumed
can be divided by combustion type: flaming or glowing —
although it should be recognised that it is virtually impossi-
ble to measure biomass consumption in flaming combustion
in isolation in a field setting. Fuel consumption is often given
as absolute biomass consumed [100] or a proportion of pre-
fire fuels consumed [101, 102]. Often field studies assume
that all fine fuels are consumed in flaming combustion [52],
with remaining fuels, such as duff fuel layers and coarse
woody debris, consumed in glowing combustion behind the
flame front. Studies on fuel consumption on shrubland fuels
(Table 4) generally consider consumption of all fine live and
dead fuels) within the shrub canopy [59, 103].

Studies in forest systems (Table 4) often consider fuel
consumption by layer and fuel type, e.g., litter, duff, coarse
woody debris class [104, 105]. A substantial number of stud-
ies focused on the consumption of coarse woody debris, the
largest carbon pool impacted by fires [32, 33, 104, 106—109].
See Kreye et al. [110] for a review of field studies in masti-
cated fuels. The consumption of fuels in distinct layers/types
is largely influenced by the moisture contents of the different
fuel layers/elements. Studies also found a direct effect of fire
intensity [102] or remotely sensed fire severity metrics on
the proportion of fuel consumed [111]. Given the dominant
effect of moisture content in the fuel consumption process,
development of predictive models requires datasets covering
a broad range of fuel and landscape dryness conditions [101,
104, 112]. See [51, 104] and [113] for reviews of pre-2010
experimental and modelling work.

Spotting

Spotting, the process by which lofted firebrands transported
downwind of the flame zone ignite new fires outside the
active fire perimeter, is a complex process influencing land-
scape wildfire growth. Considering the transport and den-
sity of firebrands (i.e. not the generation of firebrands and
ignition of new spot fires), the study of these processes and

influential variables is constrained in an experimental field
setting by the size of the experiment, the energy released and
the associated plume development. Experimental fire studies
have aimed to characterise short-range spotting distances
and densities and have been restricted to one [31, 46, 114]
or a few experiments [23, 30] (Table 5); see also the review
by Wadhwani et al. [115]. Given the scale dependence of
some of the processes determining spotting densities and
distances, as influenced by plume dimensions and the inte-
grated energy release over a broad area, it is unlikely that
experimental fires will be able to adequately replicate the
processes driving medium to long-range spot fire dynamics
in wildfires.

Studies based on thermal infrared imagery collected
in wildfires [116] have provided new insights into the
phenomena, in particular identifying patterns of spot fire
distribution and the fire and environmental factors domi-
nating spotting behaviour in north-western US conifer
[117] and southern Australia eucalypt forests [118, 119].
Wind speed, fire size and growth trend, and topography
were identified as key drivers of long-distance spotting.

Integrated Data Collection Campaigns

To support a more robust understanding of the physical
and biological processes that drive fire behaviour and its
linkage to fire effects and smoke, scientists are increasingly
designing and carrying out interdisciplinary measurement
campaigns [29, 44, 120]. The most salient feature of these
campaigns is that data collection is designed to assist in
multiple scientific endeavours, including evaluating various
predictive models, testing specific a priori hypotheses, and
providing opportunities to explore data and generate new
hypotheses. Such campaigns are exemplified by the ICFME
[44], RxCADRE [29], the New Zealand Scion/USDA Mis-
soula Fire Laboratory experiments [121, 122], FASMEE
[120], along with a host of other experiments [e.g. 13, 123,
124, 125].

Though data collection during integrated measurement
campaigns varies depending upon the specific goals, they
typically involve making measurements of fundamental
environmental (wildland fuels and vegetation, atmos-
pheric conditions, terrain, fuel moisture content), fluid
dynamics and heat transfer, fire behaviour and effects
attributes [29]. In these experiments, collection of envi-
ronmental and fire behaviour data aims to be detailed,
with high spatial and temporal resolution. This results in
large data sets comprising multiple linked data products
that are collected for each experiment, irrespectively of
their size.

Vegetation and fuel data collection on recent integrated
measurement campaigns are linking traditional field data
with terrestrial and airborne based remote sensing tools,

@ Springer
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such as LiDAR, to provide detailed 3D maps of the fuel
complex structure [126, 127]. This information can then
be directly linked with the spatially explicit fire behaviour
observations to investigate the direct effect of small-scale
fuel features on fire dynamics [127, 128].

Similarly, atmospheric data is often comprehensively
measured during such experiments. Networks of ground-
based in situ weather stations are used to measure bound-
ary layer wind flow and turbulence around an experimen-
tal burn. In some experiments, wind instruments are also
located within the experimental plot to measure 3D fluid
flow as the fire passes by [124, 129]. The vertical structure
of the atmosphere above a fire can be characterised through
vertical atmospheric profilers and other instruments, such
as Doppler LiDAR and radar systems, and can be used to
monitor plume pulse structure and fire-atmosphere interac-
tions [120, 124].

Fire behaviour information collected in integrated
measurement campaigns include the basic data measured
in studies aimed at the development and evaluation of
management-oriented models, including the type of fire
(e.g. surface fire, or active crowning), the rate of spread,
fireline intensity, and flame length of the head, back
of flank fires, and fuel consumption by fuel layer, size
class, and condition. A distinct feature of typical inte-
grated measurement campaigns is the collection of more
detailed data, namely airborne and tower-based measure-
ments of energy release and radiative and convective heat
fluxes [25, 26, 130], flame zone depth [131] and resi-
dence time [36] and the near-fire atmospheric conditions
including measurements of the number, location and size
of fire plumes, entrainment, and turbulence [120, 132].
The detailed measurement of fire behaviour enables plot-
ting of fine scale spatiotemporal maps of fire behaviour
metrics that can be co-located with 3D estimates of the
fuels complex and fire environment [133]. The inclusion
of a broader list of fire behaviour metrics along with a
focus on spatial-temporal data collection methods support
the evaluation of a wide range of models, offers insights
into the mechanisms driving fire behaviour and provide
critical data to link fire behaviour to effects and smoke
transport [120].

It is worth noting that integrated fire-behaviour measur-
ing campaigns often involve significant investment to bring
together the researchers, skills and equipment required to
meet the measurement campaign objectives, in addition
to the necessary coordination with land and fire managers
responsible for safely conducting the large-scale experi-
mental fires under the desired conditions. Ottmar et al. [29],
Prichard et al. [120] and McNamara and Mell [133] provide
excellent overviews and data requirements for integrated
campaigns.

@ Springer

A Global Synthesis of Fire Behaviour Characteristics

The range of fire behaviour characteristics, such as rate of fire
spread and fireline intensity vary greatly, both among fuel
types and across fire weather conditions. Variation in fire-
behaviour characteristics in forests, woodlands, and shrub-
lands is affected by vegetation structure, including the vertical
stratification and whether or not fire can transition between
fuel layers, namely from surface to canopy fuels. A gradient
of increasing surface fire rate of spread in relation to surface
fuel layer type is expected in the direction of litter—logging
slash—shrub—grass, reflecting the combined effects of fuel
particles’ fineness and fuel-bed compactness, and this is appar-
ent within a given forest type [e.g. 54]. Also, fires in light
grassy fuels and fires in heavy downed woody fuels represent
the extremes of the combination between the rate of spread and
flame residence time, respectively high-low and low-high, with
fires in shrubland and forest in-between [134].

Based on experimental data compiled by [51], Page et al.
[134] graphed the general fire behaviour ranges for conifer
forests, shrublands, and logging slash, indicating respec-
tive approximate maximum values of 5, 3.5, and 2.5 km
h~! for the forward rate of fire spread. The weight of Cana-
dian data in their systematization is apparent, and temper-
ate to boreal conifer forests and woodlands in Canada are
arguably the forest types for which fire behaviour has been
more thoroughly quantified through field experimentation.
Faster spreading and higher intensity crown fires occur in
black spruce (Picea mariana) and jack (Pinus banksiana)
and lodgepole (P. contorta) pine stands, while surface fire
is more prevalent in red (P. resinosa) and white (P. strobus)
pine forests and in ponderosa pine (P. ponderosa) — Doug-
las-fir (Pseudotusga menziesii) stands [5].

While other surface fuels may be scarce in boreal forests,
a distinctive feature is a common presence or dominance of
a lichen or moss surface fuel layer with a very fast drying
response [135] that can be the main vector for fire spread [136,
137]. The likelihood of crown fire is a combined function of
surface fire intensity and canopy base height [87] or of the gap
between surface and canopy fuels [85]. Stand structure plays a
decisive role in the variability and patterns of fire behaviour in
boreal conifer forests, implying that fire type is responsive to
short-term variation in wind speed [55, 88] plus spatial vari-
ation in canopy fuels [138]. In black spruce-lichen woodland,
canopy base height is low enough to facilitate passive crown-
ing [137], as well as in immature jack pine, where in addition
extreme stand density favours active crowning [88]. However,
the wind speed (fuel moisture) threshold for fire spread is
higher (lower) in immature and/or dense conifer stands [55,
75]. Because the likelihood of crown fire related with forest
structure decreases as stands mature and vertical continuity
decreases [139] and in-stand winds increase [55], the trade-off
between stand structure and weather is relevant. The result
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is a wide fire-behaviour range in mature stands, namely in
jack pine — black spruce [140]. Still, crown fire development
can be hindered even when the surface fire is intense, e.g., in
Siberian Scots pine (Pinus sylvestris) stands [141], which is
consistent with generally lower wildfire intensity (as inferred
from remote sensing) in Eurasian versus in North-American
boreal forests [142]. Finally, further fire behaviour exacerba-
tion occurs in crown-fire-prone conifer stands killed by insect
outbreaks, namely by the eastern spruce budworm (Choristo-
neura fumiferana) in balsam fir (Abies balsamea) [143] and
by the mountain pine beetle (Dendroctonus ponderosae) in
lodgepole pine [144], but a proper understanding of the rea-
sons is lacking [145].

Surface fires are prevalent in the experimental burn programs
carried out in non-boreal conifer forests. The transition from
surface to crown fire can reflect trade-offs between the nature
and quantity of surface fuels. This implies that a fast-spreading
fire in light litter-grass often remains a surface fire, as in south-
eastern USA longleaf pine (Pinus palustris) [146—148], whereas
a slower-spreading fire in heavy litter-shrub can burn the canopy,
as in the maritime pine (P. pinaster) case study described by
Fernandes et al. [149]. Variation in surface fire behaviour in
Mediterranean Basin pine stands (P. pinaster, P. nigra, P. brutia)
under mild fuel moisture conditions is driven by wind speed [54,
150, 151], with crowning readily occurring under drier condi-
tions in short or immature stands [100, 152].

In mixed conifer—deciduous broadleaved forests the
deciduous component is assumed to moderate fire behav-
iour proportionally to its relative cover [5, 153], although
empirical data showing this effect is non-existent. Consistent
quantitative knowledge about fire behaviour in deciduous
boreal and temperate forests is limited to the North Ameri-
can quaking aspen (Populus tremuloides). Aspen-dominated
stands consistently support fire spread only in the fall and
early spring (but see [153]), when surface fuel availability
(litter plus scattered cured herbs) and exposure to wind are
higher and before the overstorey and understorey leaf flush.
The windier and/or drier conditions in the experiments of
[154] and [155] produced fire-spread rates in the 5—10 m
min~! range and flame lengths of ~ 1.5 m. Reports of fire
behaviour characteristics in deciduous oak (Quercus spp.)
and oak-dominated forests in the USA are extensive, but
most data pertain to prescribed burning effects studies and
reflect an interaction between flame fronts. The seasonal
effects mentioned for aspen apply to these, albeit to a lesser
extent, and the fire behaviour magnitude is similar. However,
faster and more intense fire is likely in oak stands with a
litter—shrub understorey surface fuel complex [156, 157].

Other than in eucalypts, fire behaviour experimentation
in temperate and Mediterranean evergreen broadleaved for-
ests and woodlands is almost non-existent. Near-surface
fuels — i.e. low or prostrated understorey vegetation and
suspended litter — are the most significant fuel driver of

fire spread in Australian dry eucalypt forests (Eucalyptus
sieberi [158], ; E. marginata [60]), . Depending on weather
and fuel conditions, short-range spotting from bark com-
bustion can be a significant driver of forward fire spread
[159]. The involvement of eucalypt canopy in fire spread is
distinct from observations in conifer forests, with an area of
dense spot fire coalescence preceding canopy ignition, i.e.
canopy consumption typically occurs behind the flame front
leading edge [160]. Experimentation in eucalypt forests has
been extensive but most efforts consisted of experiments
conducted under dry summer conditions under less than
elevated fire danger [159]. The highest rates of spread and
flame sizes recorded — up to 23 m min~! and 14 m in [60]
— are far from the extremes possible in eucalypt wildfires
[159], in contrast with boreal conifer experiments.

Fire in undisturbed tropical evergreen broadleaves is lim-
ited to seasonal forests, as fire spread is generally precluded
by the high relative humidity prevalent in tall, closed-canopy
rainforests [161]. Experimental fire behaviour in these systems
has been described for Brazil [77, 162,163,164], Venezuela
[161], and Thailand [165], mostly involving point-ignited fires
under calm conditions. Forest structure and disturbance his-
tory induce variability [166, 167], but rates of spread and flame
heights never exceed 1.0 m min~! and 1.0 m, respectively, even
in the few instances when low (< 10%) litter moisture content
combines with significant wind. Comparatively, deciduous
tropical forests (leafless during the hot and dry season) often
comprise a grass fuel component and have higher fuel load and
less sheltered in-stand conditions (e.g. dry dipterocarp forests in
Thailand). This enables faster fire spread rates and taller flames
than in evergreen tropical forests, up to 4 m min~' and 1.5 m,
respectively [e.g.78, 168, 169].

We previously noted the indirect (through wind speed
reduction and dead fuel moisture content increase) but deci-
sive influence of vegetation structure on fire behaviour. In
open vegetation types, namely shrublands, such an effect
translates into faster fuel-level wind speed and lower fuel
moisture in relation to forests, as well as faster drying after
rainfall. This degree of exposure, combined with the nature
of shrub fuels (fine, elevated, aerated), accounts for the high-
intensity fire behaviour observed under low fire danger [7]
once the threshold in dead fuel moisture for sustained fire
spread is attained, [e.g. 79]; such on/off threshold can be
particularly high, as in UK’s Calluna spp. heathlands, which
is attributed to seasonally low live fuel moisture content
[112, 170]. As an example, autumn to spring fire-spread
rates in a range of mesic to dry shrublands in north-western
Iberia peninsulacan reach up to 15—25 m min-1 [171, 172].
Shrublands are thus intrinsically flammable, notwithstand-
ing substantial variability in physiognomy and fuel charac-
teristics such as load and dead fuel fraction. The effect of
wind speed on shrubland fire-spread rate and the correlation
with fuel properties are both strong, and the compounded

@ Springer
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fuel-structure effect is usually attributed to vegetation height
or bulk density [e.g.7]. Thus, the current understanding is
that shrublands of similar height and cover are expected to
show comparable rates of spread if burnt under the same
wind speed and dead fuel moisture content, regardless of
their floristic composition.

Disruptions in the horizontal or vertical continuity of shrub
fuels can hinder or disturb fire spread [80, 173, 174,175]. This
is especially relevant in the open shrublands typical of semi-
arid environments, which are structurally more heterogene-
ous, examples including sagebrush (Artemisia spp.) [176]
and Prosopis—Acacia [177] in the USA, and mallee-heath
in Australia [71]. As a consequence, higher (lower) thresholds
in wind speed (dead fuel moisture) are required for sustained
horizontal and/or vertical fire spread.

Comparison of fire behaviour characteristics among
vegetation types is complicated by the numerous sources
of experimental variability in addition to those inherent to
fuel characteristics and the range of weather data within
each study. Fire development is affected by the method of
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Fig. 1 Variation of experimental forward fire-spread rate in forest as a
function of wind speed, fine dead fuel moisture content, and ignition
line length. Solid and open symbols respectively denote experiments

@ Springer

ignition, i.e. whether ignition points or lines are used, the
length of the ignition line, and how the line is established,
as well as the size of the experimental plot (see Discus-
sion). Where and how wind speed is measured is a source of
substantial variability, relevant factors including the height
at which measurements are taken and the density and loca-
tion of anemometers in relation to the plot, the period and
rate of sampling, and whether they are placed in-stand or in
open terrain [55, 178, 179]. Finally, how rate of spread is
measured and calculated also matters [141, 180]. Ultimately,
and considering all the experimental set-up variation, all fire
behaviour field studies are unique.

Within the BONFIRE database [181], we considered
the studies comprising a minimum of 5 experimental fires,
n=92 (Supplementary material). We calculated the study
means of forward fire-spread rate and its two main environ-
mental drivers (wind speed and fine dead fuel moisture con-
tent), plus ignition line length given the scale-dependency
of fire behaviour. Plots of fire-spread rate versus these vari-
ables (Fig. 1 for forests, and Fig. 2 for woody but treeless
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Fig.2 Variation of experimental forward fire-spread rate in woody
open vegetation types, including forest slash, as a function of wind
speed, fine dead fuel moisture content, and ignition line length. Solid

environments) show rate of spread varying by approximately
one order of magnitude for any given value of each inde-
pendent variable and suggest increased variability for condi-
tions increasingly favourable for fire spread.

The observed scatter is substantial, but the collective pat-
terns conform to results from individual studies [182]: the
fire-spread rate response to wind speed, dead fuel moisture
content, and ignition line length, respectively, follows a near-
linear increase, a non-linear decay, and a steep increase to
a plateau up to an ignition length of 50-100 m. To quantify
the drivers of rate of fire spread, we modelled its log-trans-
formed form from fuel type, generic type of vegetation (for-
est or non-forest), and log-transformed wind speed and igni-
tion line length. These variables (all significant at p <0.01)
accounted for 64.1% of the existing variation, with relative
effect sizes of 4.8 (fuel type), 3.4 (wind speed), 2.8 (igni-
tion line length), and 1 (vegetation type). Fuel moisture con-
tent was inversely autocorrelated with ignition line length
(»p=0.042) and was associated to fuel type (p =0.0040)
and its inclusion in the model was not warranted (p > 0.05).
The fuel-type effect is also likely confounded with the

and open symbols respectively denote experiments where wind was
measured at a height of 1.5-2 m, or at 10-m in the open. Data sources
are presented as supplementary information

experimental idiosyncrasies of the various studies — includ-
ing slope (although 75% of the studies were carried out on
slopes of <5°) and fuel characteristics — and so its actual
influence should be lower. Wind-measurement height was
not influential, but all the stronger wind speeds in forest
experiments were measured at 10-m in the open; Fig. 1 sug-
gests that adjustment (reduction) to in-stand surface condi-
tions (~2-m height) would increase the ability of wind speed
to explain fire-spread rate variability.

The fastest fires in forest were observed in boreal coni-
fers, where less conservative burn conditions are more
represented, i.e. stronger wind, lower dead fuel moisture
content, and larger plot size, clearly contrasting with non-
boreal conifers. Thus, it is not possible to ascertain if boreal
conifer forests are intrinsically more prone to high-intensity
crown fire in comparison with conifer forests elsewhere. The
number of studies available for other forest types is limited
and precludes sound comparisons, but the scatter in Fig. 1
is consistent with the description made early in this section.

The response of fire-spread rate to wind speed and igni-
tion line length appears more scattered in open woody
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vegetation than in forest (Fig. 2). Open shrubland recorded
the highest spread rates, coinciding with distinctly lower
fuel moisture contents. Fire-spread rate in slash fuels does
not reach the expected potential [5], given the prevalence of
weak winds, moderately high fuel moistures, and relatively
short ignition lengths. Again, generalization of differences
between vegetation types is not allowed by the data.

Discussion
A Note on Ignition Type and Experimental Fire Size

Many of the main flame front and wildfire behaviour prop-
erties, such as spread rate and radiative heat transfer are
scale dependent [7, 183]. Ignition type (e.g. point versus
line) and pattern will influence how fire propagates and the
behaviour it exhibits. Plot size may hinder the flame front
reaching the pseudo-steady-state rate of fire spread by limit-
ing the length of the ignition line [6, 7]. Also, plot size may
reduce the representativeness of fire measurements because
some distance is required for a fire to attain the pseudo-
steady-state condition [184]. As such, a small-scale experi-
mental fire might not exhibit the dynamics expected to be
observed in a wildfire propagating at a pseudo steady state
for the prevailing burning conditions. Similarly, an experi-
ment ignited through a complex ignition pattern to replicate
prescribed fire behaviour will not represent the behaviour of
free spreading wildfire.

In Australian dry eucalypt forests, an instantaneous
120-m long ignition line was found to quickly (within
25 m) produce a free spreading fire in equilibrium with
the conditions under moderate to high fire spread potential
[23, 30]. The size of the required ignition line length to
quickly attain a pseudo-steady state is dependent on burn-
ing conditions [184] and has not been adequately quanti-
fied in other forest and shrubland fuel types. Similarly,
the size of a fire run, or multiple runs when considering
micro-plots [185], should cover a long enough period that
integrates the transient nature of wind flow, i.e., including
at least a full wind gust/lull cycle [71, 186]. When con-
sidering the results described in the previous section, it
was found that a large number of experimental campaigns
produced fires that were likely not in equilibrium with
the environment and more likely were still undergoing
the development phase [187]. An analysis of published
research results needs to consider the motivations and
objectives driving the studies (e.g., an intensive small-
scale study vs. large scale project driven by operational
needs), and the commensurate constraints related to fund-
ing and ignition of outdoor fires in fire-prone landscapes.
Often the size of the experimental fires and their intensity
are a compromise between the aims of the researchers and

@ Springer

the restrictions imposed by academic, operational, finan-
cial, safety and legal considerations. Care nevertheless
should be taken when amalgamating data from different
datasets, as experimental fire size and environmental and
fire measuring methods can differ substantially and lead
to biases.

The Role of Wildfire Data

For years, wildfire data has had an important role in the
development of operationally relevant, empirically based, fire
spread rate models applicable for wildfire spread prediction
[5, 97] and the evaluation of fire spread models developed
from experimental fire data [7, 60, 62, 188]. Wildfire data has
also been used to investigate the importance of the detailed
description of fire — atmosphere coupling in understanding
and better modelling wildfire propagation [e.g. 189, 190, 191].

Wildfires tend to occur at unexpected and remote loca-
tions, often not easily accessible to researchers, and their
violent nature makes them life threatening events, and not
easily amenable for direct study. In the past, wildfire data
has been often derived from careful documentation of obser-
vations of wildfire events into case studies [192]. In more
recent years, the availability of detailed fire management
agency records in digital formats and modelled spatially-
explicit fuel and weather data, coupled with the widespread
use of new remote sensing tools, such as thermal infrared
imagery, have allowed the development of large wildfire
behaviour datasets [56, 117, 119, 144, 193—-195]. Use of
satellite infra-red sensors have also potential to capture fire
propagation in wildfire settings [196], although temporal and
spatial resolution limit the accuracy and frequency of meas-
urements. An important consideration in using wildfire data
is the rather high uncertainty in these datasets compared to
what can be obtained in a dedicated experiment. Nonethe-
less, what is lost in accuracy and detail is gained in insights
into fire processes that cannot be gathered in even the larg-
est of experimental fires. These datasets can further support
not only the development [194] and evaluation of empirical
fire behaviour models as described above, but also the study
and modelling of other less commonly studied, but very
important phenomena, such as fire-atmosphere interactions
[197-199], fire whirls [200, 201] and large scale vortices
development [201, 202] and vorticity-driven lateral spread
[203, 204], just to name a few.

Conclusions

Empirical field-based observations and measurements of fire
behaviour are the foundation of our understanding of the com-
plex processes determining wildland fire propagation and the
basis of existing operational models describing the effects of
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environmental variables on prescribed burn and wildfire behav-
iour. As we connect distinct fire behaviour datasets collected
over the past two decades from across the world, it is clear
that there is a considerable amount of ‘noise’ that precludes
a comprehensive and robust analysis of fire behaviour trends.

Two main issues contribute to this. Firstly, there is no
defined or accepted best practice for the measurement of
the behaviour of free-spreading landscape fires. Methods
used to sample fire behaviour, weather and fuel variables
vary widely between studies and can include direct, derived
and interpolated estimates of key drivers of fire behaviour.
Fire behaviour fuels and weather data uncertainty are likely
to vary widely across different studies depending upon the
instrumentation. Direct measures at the point or small scale
are likely to have the lowest uncertainty while estimates that
are interpolated from point measures or derived from a proxy
measure are likely to have larger uncertainties. Methods
used in any study are often a compromise as a consequence
of constraints imposed by the availability of resources and
operational and safety considerations. It is also important
to recognize that our understanding of fire behaviour phe-
nomena and our ability to use fire behaviour data to evaluate
various models depend in part on these uncertainties.

Secondly, the transient nature of fire propagation and behav-
iour, due primarily to the small-scale variability in environmen-
tal conditions, adds inherent noise to fire behaviour observations,
particularly in smaller experimental fires. Large experimental
fires are required to capture mean fire behaviour conditions for
the environment under which a fire is spreading [179, 186].
These issues point out the need for the research community
to define a set of best practices and minimum requirements to
guide future experimental fire behaviour research.

The validity of fire behaviour data collected in field con-
ditions is paramount when one of the uses of the data is
the parameterization and evaluation of fire behaviour mod-
els aimed at supporting fire management decision making.
Biases in the data collected will result in erroneous model
behaviour that can compromise forest and fire management
practices with long-term negative impacts.
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