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ABSTRACT

Fire behavior was studied in upland jack pine (Pinus
banksiana Lamb.) -stands:in northeastern Alberta during the
summer of 1974, Fire researchers from across Canada +*eamed
up to establish experimental plots, sample vegetation and
fuels, and monitor prescribed burns throughou+ a range of
weather conditions. Extensive rains preceded the burning
period, followed by the gradual development of a warm,
stable air mass. This allowed a series of seven burns
progessing from low hazard to extreme hazard-as defined by
the Canadian Fire Weather Index Tables. A relationship of
fire spread in jack pine was established and is expressed in
the form RS=a (ISI)P.

Résumé

Oon a étudié le comportement du feu en peuplements de
Pin gris (RPinus banksiana Lamb.) sur les hautes terres du
nord de 1*Alberta au cours.de 1'été 1974. Des chercheurs
spécialisés dans 1ltétude des feux, venus de partout au
Ccanada, ont uni leurs efforts pour établir des placettes
expérimentales, des echantillons de véegetation et de
combustibles, et pour surveiller des brialages diriges 4d
travers tout un eventail de conditions atmosphériques. Des
pluies considérables ont précédé 1la période de brilage,
suivies du développement .graduel d'une masse stable d'air
chaud, ce qui a permis une série de sept brilages,
progressant d'un bas indice de danger de feu & un indice
extréme tels que définis dans les Tables de 1lt'indice
canadien forét-météo. Une corrélation de la propagation du
feu fu+ établie relativement au Pin gris et elle =stexprinme
par la formule RS = a (ISI)b.

1t  Formerly Fire Research Coordinator, Northern Forest
Research Centre.
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INTRODOGCTION

Fire behavior study in natural coniferous stands is a
continuing goal of the Ccanadian Forestry Service (CFS)
national fire program; In January of 1974 fire fésearchers
at the Great Lakes Fofest'Research centre pfoposéd a major
cooperative fire behavior 'study in noréherh Ontario. This
study and the éupport commitmént ffom VCFS 'Headguarters
(Ottawa) were transferred to Alberta follbwing ontario's
decision that it could ﬁot host 'a 1974- operation. The
Alberta Forest Service ‘(AFS) and the Northern Forest

Research Centre'(NFRC) approved the alfernate Darwin Lake

site in March 1974 and a proposal to study surface and crown

fires in the upland jack pine (Ping§'ban§siégg Lamb.) fuel
type and relate fire spfead to the -Canédian Fire Weather
Index (Anon. 1976; Vah Wagner 1974). Iﬁterégency agreements
and plot establishment were qompletéd'in June, and burning
cbmmenced in July. CFé persohnel from five locétions across
Canada united at Dérwin Laké ﬁith the AFS, NOrthﬁeéf. Lands
and Forest Service: (NﬁLFS{, ' Parks.hcanada,: and the

Atmospheric Environment Servicé'(AES).

Generally the 'study was designed to document fire
behavior response to natural variation in weather and fuels
within a given area, and specifically to determine at what
Fire Weather 1Index (FWI) levels crowning occurs in natural
jack pine s*tands. The original idea was to observe behavior
of a fire or fires that would be permitted to spread
unimpeded to a natural end in a remote area. A site for such
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an operation was not found. The alternative chosen was %o
study fires contained within the boundaries of plots that
-represented a cross-section of the fuels in an area. Fuels
and :vegetation within the plots were measured, and burning
vas done at various';leveis of - fire ;meather severity as
indicated'by on-site dererminatiOn of the FWI.

i

Rate of fire spriead, tendency of the fire to crown, and
fire intensity (rate of:. energy"release) were the main

‘behavior phenomena studied.

THE RESEARCH SITE

The 51te cnosen for the study 11es on the north side of
the wes+ern arm of Darwln Lake, a 5 ka (3 m11e) long shallou
body of,uatergabopr.zsmmm (47—mile5) north of Ft. Chipeyyan,
Alberta fEig. Tyingeoarea is on the Canadian Shield some 25
km (16 miles):from_ifsiuestefn edge. Gently rolling terrain
separates granltlc :ontcrops. Study'units here.selected on
the hlgher ground exclu51ve of *}oék ou+crops, nnere _the
5011 con51sts of‘,about-_a 30 cm (12 1n )s layer of coarse,

graylsh sand at the surface above 15 cm (6 1n.) of medlum-

sized gravel .'k,underlaln by somewhat f1ner, yellowlsh
_sand up tor'severaly metres deep. yTh surface -layer (A

horizon) is thin, and a’ sllghtly leached Ae.'horizon
indicates weak podzolizatidn. The coarse mlnerai soilr and
+hin organic layer’ contribute toV-an“eXtrémely permeable
‘'substrate. Consequently, the site is drouqghty, as 1indicated

by rate of tree growth and sparsity of other vegetation.



Figure 1.Geographic location of the Darwin.lake study. area .



"Jack pine of" varlous ages, sizes, and stand densities

occupies theﬂstudy 51te. Past,:flres -appear to have been

mainly ;.responsible for o ‘variation, ‘although some

partlcularly op-n- resulti'from unusually dry

_sxtes. ékSé' I:for a more complete description of

ppendlx:

,vegetatlon and hls+ory ) Aspen {Populus tremu101des Michx.)
occurs occa51ona11y, malnly near rock outcrops and-in-moist
areas. Infrequent sprout clumps of white birch (Betula

Q*Exgwg ra Marsh ) in the v1c1n1ty of rock outcrops and the

:lake margln never reach tree size. Black spruce (Picea

ianpa (Mill.) B.S.P.) 1is the sole tree species in the

muskeQS'that;bo%der theﬂgfne-uplands;

Exten51ve mats of bearberry (Arctostaphylos uva-ursi
n(L.) Spreng ) and dry ground cranberry {Yaccinium vitis
1daea L. ) ‘are the most consplcuous ground cover. "Caribou

'imoss" apd "B“ltlsh soldler" llchens (Cladon ig'spp.) occur

.‘frequently, w1th the former :ometlmes consisting of mats of
rcon31derable 51ze (Flg.Z).. Herbs and erect lou shrubs are
-sparse and generally 1nconsp1cuous. Tall shrubs llkeulse are

"mostly '1nconsequent1a1' only green -alder (.l-

1m

crispa
(Kit.)' Pursh.) is sometlmes dense and tall enough'to impede

-footdtraveL..“=

Study unlts ranglnguln 51ze from 1 +o 3 ha (2.5 - -7J§'
”acres) were establlshed as .shown in Fig. 3. The main
criteria for delineating a unit were: (1) dry esnough site to
burn throughout nost of the probable FWI range, (2)

essentially continuous surface fuels, (3) homogeneous



Figure 2. General view of interspersed lichen and dwarf

shrub ground cover on Unit 1 (top) with a close-up

illustrating a concentration of bearberry (bottom).
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surface fuel and tree cover, and (4) manageable size for
measurement of fuel and observation of fire behavior. The
boundaries of wunits 1-7 followed rather closely either
mapped type changes or_openings within a type that were too
narrow to map. Onit 4 was bisected by a roughly east-west
:fireline and burned as two units. Onit 8, with its variable
cover, was not intended to be part of the study but

ultinately was used for some informal experimentation.

METHODS

Preburn Measurements

A grid of 20 m. (66 ft.) squares was laid out on units 1
‘to 7. The 1line bisecting unit 4 roughly bisected the grid
also, so that measurements for +the entire plot were
considered to represent both the south and the north half
(¢A and 4B). Woody fuels larger than 10 cm (4 1in.) were
measured by the line intercept method along the fall length
of each grid line (Van Wagner 1968) . Smaller woody fuels
were tallied by diameter classes on the last me*re (3.3 ft)

of each line (Brown 1971).

Depth of the forest floor (duff) was measured along the
grid lines at 20 m (66 ft.) intervals. A metal pin marked at
the duff surface was set in the ground at each measurement
point for wuse in determining depth of burn. In addition,
five randomly selected samples were removed from each unit
to determine weight. The samples, measuring 929 cm2 (1 ft2),

were weighed and oven-dried at a later date.



-The -diameters of count trees selected by a 10-factor
wedge prism were measured at every second intersection of
the grid, and a stand table was developed. Density and mean
maximum height were -estimated for shrubs, and tree
reproduction was counted on a 1-m-wide 3. 3 ft. ) transect
centered on the last 3 m 9.9 ft) of each grid line; _herbs,
1nclud1ng lichens and mosses, were coun+ed on the last 1 m
(3 3 ft) of this transect. Spec1es were listed 1n descending
order of apparent 1mportance. In addition,‘ freguency and
couer :(percentagel of shrubs. and herbs and cover of bare
litter were determined on a number of randomly located .2 x

5 -m ( 66 x 1. 64 ft) plots on each unit. Frequency _uas
calculated for species occurring on both sizes of plots, and
prominence value (Douglas and Ballard 1971) for those on the
sfialler plots. The general characteristics of vegetation are
described in Appendix I; features that proved to affect fire

behavior are noted at appropriate points in the text.

Ten 1living jach pines 7.1 - 15.7 cnm (2.8-6.2.in.):dbh
and 8.0 - 12.4 m (26.0-40.8 ft) tall were felled, and thelr
crounsh.uere separated into six fuel categories: liuing
material 5.64 cm ( 25 1n.) (including needles),..ds-l 27_ cm_
(. 26- 5 in. ), and 1.28- 2 54 cm (.51- 1 in.) 1n diameter' dead‘
fuels in the two smallest size classes, and cones._Ihe crownﬂ
components were -weighed separately 1in the field with.a
hanging balance. Samples of each fuel category were taken_

_for m01sture content determination and calculation of

ovendry weights. Regression equations of ovendry weight' on



dbh were . calculated and applied to stand tables for the

burning units +0 calculate weight of aerial fuel.

Postburn Measurements

‘The grids of line transects for fuel and vegetg;ion
inwventory ~ were rerun, and duff samples were ob{ained
immediately'affer units were burned (except on units 1 and
3. ﬁoody' fueié 23 cnm (1.2 in;; uere-tallied‘for *he full
lengths of the transect line. Pstimates of scorch height,
mortaiity on each- unit, extent of fire-scarring on trees,

and regrowth of iouer vegetation were made 1later in *the

year.

-Weather

A base weather station on high ground at *he north edge
of camp contained a. standard rain gauge, ra2cording rain
gauge, maximum/minimum thermometers, hygro+hermograph at 1.4
m (Q;S_ft.) and one at ground level (both in Stevenson
screens),"psychromefer for checking the hygrothermographs,
recofding anemometer at 10 n (33 £t), recording anemometer
at 1.4 m (4.5 ft), and two.sets of 1.27 cm (.5 in.) fuel
moisture indicator sticks. Two addifibnal standard rain
gauges uére llbéated in the eiperimental area. Weather
obsérvations wete made at 0800%t, 1300, and 1800  h; fuei

mbisture sticks were weighed daily at 1200 h and 1600 h, and

1 Mountain Dayligh*t Time
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6n one occasion hourly during the full_24-h-peripd. The
1300-h readings of precipitation, ' temperature, Trelative
humidity, and wind were uséd to calculate the FWI. Table 1
lists weather and FWI components for each actual and
attempted burn. The projedt'météoroiogisf used all relevant’
measurements to develop descriptions df:theucurreﬁt‘éynOptic
situation (Appendix 1IT) 'and ptepafe fofecasté._ He -alsd
monitored, by radio, weather reports and forecasté'for Fort.
Smith, N.W.T.; Fort Chipeﬁyén,, Albertéf. Uranium ucity;
Saskatchewan; and Wood Buffalo-National Park several times a
day and discussed these with the meteorologiét at NWLFS Fire

Centre in Fort Smith.

On July 16 the FWI was. 0 at Ft. Chipewyan. The three.
cumulative drying indicators,  Duff Mﬁisture Code--(bﬂC),,
Drought Code (DC), and Buildup Index (BUI) stood at 8,'1a0,ﬁ
- and 15, respectively. These nge'used as starting values for
thé_D&rwin Lake Projecf. More than 25 mm (1;in.) of rain iﬁ'
5 ldays brought DQC and BUI to théif louest'poinié oniJulyf
20;‘Hhile;FWI failed to reach 0 only bécéﬁSé‘ of  §igh::Hind
speed. All thrée values reached méderate.peaks Jﬁly 2“-25; 
:thgn @eclined because of rain and cool weather July 26-23;;
FWI teaching 0 again. Thereafter, Fwi-cliﬁbed steadily‘to é‘
high of 28 on August 5, fell back to 5:6ﬁ5A§guSt 8 because
:of rain, and rose again to 12 thernextwgay:before§cool, wet1
__weather terminated the project. DMC and BUX ipcregéed’rather
.fstéadily fror July 27 to August é. Figﬂ}e'é'héumm;:izesi the

prdgréssion of FWI components.



Weather and FWI components at time of actual and attempted burns of Darwin

" Lake experimental units

Table 1.
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Exceft for some strong gusts iﬁcidéht'fo'shdvers, winds
were relatively light during the project, especially during
the driest weather. Consequently, Initial_SPread Tandex (ISI)
‘remained rather low, reaching 9 on July 24 with d wind of 18
km/h (11 mph) and only 12 on August 5 with a wind of 13 ka/h
18 mph). Thus the variation in PHI was mainly a‘functi§n of

fuel moisture relations. ‘

Experimental Burning Procedure

The project-rleader currently in residence {(either the
first or second“author of this report) scheduled units for
burning with the advice and concurrence of the other
scientists present. The 1limiting criterion was weather;
other imﬁortant criteria were safety of the camp; likelihood
of fire spread to other units, and expected fire behavior in
- the fuels of still~unbnrned-units. The generalnbrogression
was outward from camp énd to windward. Burning was done
mainly between 1330 h_and 1730 h. The fire crew built a fire
line with hand tools around each unit before burning, and a
sprihkler systen iQuintilio et al. 1971) was wused on the
leeward side of the units. Fires were ignited by hand-

carried drip torches.

Immediately _before ignition samples froﬁ surface
litter, dead woody fuels <.64 cm (.25 in.) and .65-1.27 cn
i_26-;5 in.) in diameter, Cladonia (caribou moss) and
bearberry, and ffom ﬁérk fiakes, hanging 1i;hens, and dgreen

needles on the trees _uere obtained for moisture <content
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determinations. The meteorologist moved a hygrothermograph
to an adjacent unit and took periodic wind readings with a
‘hand-held anemometer. The project leader noted the starting
and approximate ending times of each burn. SCientists
observed flame heights and flame-front depths, timed fire
runs, took photographs, and made miscellaneous notes on fire
behav1or. Grideints located fon fuel 1nventory were used to
record fire spread. Two observers followed the flane front
on respective sides of each plot, timing the adnance hetueen
grid points. These recordings .eere then averaged for the

total plot.

Seven units were bprned;fromiduly'23-to-Angust 6, WwWith
4A and 4B considered as separate units within the same fuel
and vegetation complex. An early attempt to burn unit 2 on
quiy 31 was terminated after.abou* 30 minu+es because the
fire obviously was not -going to "spread far beyond the
ignition line.. The. scheduled:_August.G burn of unit 5 was
aborted because of a wildfire report just -before ignition
time. Next day a shower terminated the:second ‘attempt with -
too'iittle of the uni* burned for the results to be
analyzed. Two spots and line of fire were 1lit the afternoon
of August 9‘on unit 8 and their progress was foiioued until
evening. The intent was to learn a little about the.hehavior
of point ignitions, simuiatingAiightning strikes, and of a
fire running .intor a nuskeg.briéee Appendix IiI for an

operational description cf each fire).
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RESUGLTS
Fuel Loading

Surface Wogd

Déad woody fuels -- fallen trees, branchés, twigs --
aggregated from 6 to 38 t/ha (2.7-17 tons/acre) _(Table 2) .
Three of the four old-growth units (2,6,7) had distinctly
heavier loading of both fallen ;ood and duff (Fig.5, Top).
The .quantity of fuel and thé genefally better éeveloped
lesser vegetation suggested that the 1944 fire, and perhaps
the 1906 fire, had burned lightly if ét all in fhese units.
(See Appendix ¥ for fire history.) The fourth old—érowth
unit ¢1) obviously had burned in 1944, and it had relatively
light fuel loading (Fig. 5, Bottom). Material >10 cm (4 in.)
in diameter contributed 60-70% of total wood loading on the
old-growth amits but only 33-40% on the ﬁhree younger umits
(3, 4, 5). Of material <10 cm (% in.) in diameter, *the 3 to
10 cm class made up‘ 61-73% on all units except number 5;

this unit apparently had not burned in the 1944 fire, so

sustained no mortality in the 30 yr since.

. Forest Floor

buff averaged 1.5-1.8 cm thick on units-1-5; 2.6 co on
unit 6, and 2.4 cm on unit 7 (Table 2) . Weights were 19.9f
21.1 t/ha (8.9-9.5 tons/acre) on the sampled oldog;outh units
(2, 6, 7) and 13.3-15.0 t/ha (5.9-6.7 tonsy/acre) on the
sampled younger unifs (4, 5). The relation between mean
weight and mean thickness of .duff for the units was not

consistent; thickness on units 2 and 4 were notably 1lover
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than would be expected for the corresponding weights.

However, mean weight of individual samples, regardless of

unit, did bear a defihife, “curvilinear reélation to
thickness.
Aerial Fue;§ ; _ "

Weights of crownncogyongnt§ cgpre}ated highly wiih dbh,
and the relations could QE expré;sed hy regre;sioﬁs; similaf
to those 'devéloped “fogl jack% piﬁe-in ontario (Walker'and
Stocks 1975). Tbtal;cfown-wéighi (jab%e 3) rahged fr?m_‘B.?
to 13.6 t/ha (3.9-6.1 tohs/écré),iwifh nd apbaredt rélation.
to stand age. More fhan 60% of this was wmaterial 5036?! cm

(.25 in.) in;;diaﬁefer-;(inclﬁﬁiné foliége), the main size
class that burné inicroun fires. About one-fourth éff the
fine material was dead. Léss;thgh éO% bf crown wéigbt qgs in
material large% than 1.27 cﬁ. (5 in.) in diamefef;‘uany
trees, espec;aliy in the younger age class. (units 3;';4; 5)

had persis@ént: deaa branches “to within a mefre o%.the

ground, oftén;bearing a considerable growth of 'frﬂticoséi
lichens. Bgagdj licbéns  drapedH tfunks énd branche%{ fﬁeir

weight was 'not de%ermined but might be expected : to
approximate ”fﬁe .3;§kha5(;1u tdn/ﬁcre) fbund-foréﬁp#yi-old'
lodgepole pih?Ain BrifishrCoihmbia iﬂuraro 1971) on'uéi{s 3-

5 and to be‘éqméwhat:greater;on units %, 2, 6, and f, but



Table 2. Dead surface fuels on the Darwin Lake Units before burning

—

Weight of woody fuel, by diameter class {(cm) o Dufft

Unit 0-.2 .21=.5 .51=1.0 1.1-3 3.1-10 All €10 >10 Total FReight? Depth

t/ha3 - th
1 .23 .79 .23 .24 2.37 3.86 6.90 10.76 - 1.8
2 .33 .96 .28 .73 3.76 6.06 13.70 19.76  21.1 1.8
3 .31 .52 .19 1.37  6.59  8.98 6.00 14.98 - 1.6
da .36 1.10 .37 1.1 2,76 5.73  4.50 10.23  15.0 1.5
ub .37 0.88 .32 0.96  5.98 ~8.51 5,53 14.04- 15,0 1.5
5 .25 1.11 .52 1.89 .39 4,16 2.11 6.27  13.3 1.8
6 .20 1.80 .84  2.82 10.73  16.39 21.47  37.86  21.1 2.6
7 .22 1.53 .44 1.38 8.644 12.01 15.28  27.29 19.9 2.4

1 Includes some living mosses, lichens, and creeplng vascular plants.
2 Net weight of organic fraction.
3 1 metric t/ha = .45 short ton/acre.

LT
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t 6 (top) and Unit 1 (bottom)

i

Woody surface fuel on Un

Figure 5



Table 3. Crown weights on Darwin Lake units before burning -

19

" Weights by diéﬁéférwclasééé_icﬁ)

0-.6“

_ Dead

‘Living

AL .

651,27  >1.21

Total

W N

 t/ha

7.25
8.81
8.98
8.32

6.42

2.30

RN

11.00

13.60

11.81
8.79

10.60

13.13

2.69

——
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perhaps not so heavy as the .8 t/ha (.36 tons/acre) found for

86;:€6‘i30-yf-old Douglas-fir (Edﬁardé et al. 1960).

Fire Spread

Observed spread rates :averaged 0.6=<6.1: m/min (2-20
fp/miph.qn the seven - documented . units. The early  fires
egh;pited_‘ slow,,fsteadyx;surﬁa;e . spread. that was ‘quite
sensitive to‘ground_vegetatiﬁn_(Fig,.6),aand was generally
éqqpinuqqgi,pn bare litter but dinterrupted -to some degree by
matg;pf,peapberry,. etc. The later, more -vigorous fires
spread faster and more erratically, with more dependerce on-
the ,quantity and continuity  of woody surface:’ fuel. "
(F;gs.w7, 8). All  fires - were sensitive to ~short-term

fluctuations of wind speed and direction. .

Rate of spread §as cbfréiatédsgighificantly at the 5%
level with 1300-h FFMC (r‘.BQ) and ISI (r-.77) measured at
thé“BaSé station (Fig. 9) and at the 1% level with ioadiﬁé
of wobdy fﬁel <3 cm in diameter (r=.88). However, because of
. the sequénce of burningt, there was also a highly
significant correlation (i% qleﬁél) between FFMC and fine-
fuel loading (r=.97). The. number of  observations -- i.e.,
units burned -- was too small to support multiple.regression
analysis . .that could .define the .separate effects of fuel

moggﬁureﬁand_loading-

1 Plots with the highest fuel loadings were - burned . at the
hlghest FFMC and ISI values.
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The ISI measured at base camp was a less sensitive
index to. fire spread than thé FFMC. The reason was that
1300-h windspeed varied little duiiﬁg the tests =- 11-18
km/h (6s8-11+2 mph) on six of the seven burning days =< and
IST was, therefore, almost wholly a réflection of FFlH¢s 1In
an effort to examine more minuteély thé rélation of §predd €6
concurrent 1IS$I; the latter 4ss recalédlated £or the sites
and timés of the fires by usifig Stand wind at 1.4 6 (45 f+)
adjusted to 10 s (33.3 ft) (Table 4): Rate of spredd was
cotrélated at the 1% level with the recomputéd IST {r=.93).
the improvemeént in correlation - is attributed +to  £he
approximation - of the 10 m (33.3 ft) wind at the fife &ite.
The felatiénship of rdte of spread aitd adjustéd 1st can be
expressed by the &quation:

R/S = 0.045i4 (IST) 1?6 ji/min (Fig. 10}
. This is similar in form to findings for jack pine and
severai other fuel typéé elsewhere in Canada (Van Wagner

_ 1973j .

Fuel Consumption

With two éxceptions, the fires consunied 43-57% 6f the

woody fuels and 36-76% of the duff by weight and 28-62% of

the auff.by depth (Table 5). On unit 1 postfire néasuréfierits

in the 1.1<3 ém (.4+1.2 in.) category showed 4 25% increase
in wood loading; this wculd appear t6 tresalt fro#i efrors in

intercept tallies on this very lightly lcaded unit, althodgh
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Low vigor surface fire on Unit 3.

Figure 6.
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Vigorous surface fire on Unit 4A

Figure 7.

ial bark flakes and

involving aer

epidendric lichens



Figure 8.

Full crown involvement on Unit 6.
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‘Pfable 4, Adjusted winds,. indices, and fire behavior for sewven units
Stand  Adjustedr TISI,2 FWI, Rate of  Fuel3 Pires
gnit wind stand adj adj spread consuned, intensity,
at 1.4m, wind, ¥
%m,h km/h m/min t7ha KN/m -
2 3.2 8.5 6 14 0.91 23. 670
3 5.6 14.8 8 13 1.01 - --
4a 3.2 8.5 7 17 2.02 15.43 950
4b 3.2 B.5 9 21 3..35 18. 5% 1900
6 6.4 16.9 15 33 6.0 39.2¢ 7460
7 3.2 3,5‘ 9 23 1.98 20.2 1230
1 B =% X W /%, in which ﬂf is adjusted 10-m wind at the fire, w is
1eth=-m m.nﬂ Aat the fire, and %W, and ¥ are 10-m and 1.4-m wind at
“camp.
2 Caicula*ed from FFMC at 1300 h and adjusted stand wind
3 Combpined wood and duff from Table 7
¢ Tacludes 0-.64 cm. crown weight from Table S ¢6.87 +/ha)
5 Based on heat of combus+ion 18400 J/g.

Lz



Table 5. Dead surface fuels consumed by fires on Darwin Lake units .

Dufft

Weiéht of Woody Fuel by diéme?erﬂclass (cm)
5 o o ' - A .  pepth off
Onit 0-.2 .21-.5 .51-1.0 1.1-3 3.1-10 All <10 2210 Total -Weight “burn
percent of prefire (second line) R
1 .16 .41 .13 (.30)3 .9¢- 1,94 1.35 3.29 - .5
L 70 52 . 57 125 40 50 20 31 -= 28
2 .29 .88 .23 .47 2.09  3.96 5.62 9.58  14.3 .9
88 92 82 64 56 65 41 48 68 50
3 230 .40 .07 . .26 4.19  5.26 2.83 8.09 -- .8
98 .85 37 19 64 59 47 54 o-- 50
Y .36 1.10 .31 57 01 2.34 2.89 5.23. 10.2 (1.&)3
100 100 -84 50 0. 41 64 ~ 51 68 120
‘4B L37. .88 .26 .27  3232-  5.10 3.26 8.36 10.2 (1.8)3
100 100 81 28 56 .60 59 60 ° 68 120
6 - - = - 5.66% ~ =~ = - 1,71  1.37 8.85  16.22  -16.1 1.6
: 100 16 45 ¢1 43 76 62
7 - -~ - 3,57% - - - -  4.96 8.53 4.52 13.05 7.2 ‘1.5
100 59 71 30 u8 36 62
t Includes_some living mosses, 1ichens, and creeping vasculan.piénté.
2.1 t/ha = .45 short ton/acre. ' '
3 Values in parentheses are increases over prefire weights and depths (see text).
. loss estimated to be 100%.

Material <3 cm not tallied after burning;

8¢
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some addition of surface fuel did occur through byrning down
of dead standing trees. On Unit 4 (A and B) measured depth
of burn exceeded injtial depth of forest flaor, presumably
because of actual variation in forest floor thiGkness from
point to point. Percentage reduction 1in weight should
roughly represent depth of burn. It is safe ta say that at
1gast two-thirds of woody material =3 cm in diameter burned
when PWI was above the "Loy" range - i.e.; en all wunits
except 1. Perceﬁtages for larger material varied

unsystematically with size class and FWI.

Height of weédy material consumed bore a streng
(£=.94}, straight-line relation to initial 'lgadingg
expressed by the regression &qgation y=0.42+.44%
(Figure 11). The relationshié fax ‘ali dead surfage ﬁuél
consumed was weaker because of - relatively light = Quff

. loadings and the presence ofuthiq&'beafﬁerrj mats’ that may

have affected depth of burn.

DISCUSSION

The stable, drying air mass that devélagéﬁ' and
éersisted from August 1 to August 6 allowed four burns éf
high vigor, culminatiné viih é 'crdﬁé fire én Unit 6.
Coﬁpa:ing Darwin Lake results with simnilar bﬁnns at: the
Petawawa Forest ExperimentaI*Stafion 1?an Hagner 1@73k¢ it
caR be hypothesized that fires in upland Jjack pine behave
ISimilacily across the range of the speciésq Thezéegpessions

of rate of spread on ISI are very similar, emphasizing the



W
o
i

FUEL CONSUMPTION (t/ha)
o
|

10

' 0 20 30 - 40
" FUEL LOADING (t/ha)

Figure 11.Relation of ‘Woody Surface' Fuel Consumption to Loading

50

30

60



31

relevance of the weather parameters integrated by the ISI.

On-site observations and examination of a series of
35 mm slides provided several interesting fire bhehavior
descriptions of surface to crown interaction. Crown
involvement ranged from a silent flash in the beard lichens
to a solid flame front of greater intensity than the surface E
~fire. Flame height on units 1 ana 3 averaged less thamn .5 m :
yet the 1lichens carried flame into the tree crown for very
brief periodg, Bark flakes on Units 4A and 4B were burning
the length @f the trees and out into the branches, but even
an intense core of fire surrounding the t;ee trunk for its
-full 1length was not enough to torch out the average tree.
Full crowning developed only when the surface fijre Qas
iqtense and continuous enough to preheat the lower needle
foliage aﬂd branchwood over a large area, a ccnditien which
occurred only on Unit 6. ’Flame heights of the ipitial
surface fire on Unit 6.were wel} into the canopy layer,
resulting 'in simultaneous ignitiongfof bq;k flakes and
needles. Although the fire front leaned siith;y ~downwind,
the "crown fire did not move independently of tﬁé surface

fire.

Stand density and heiéht of _aeriél fuels ;egmed to
affect «crown iﬁvolvement significantly during moderate and
high hazard burns. Plots 4A and 4B were -of nmixed "demsity,
and height and fire behavior differences were noted a% the
fuel type boundaries. The west side of the plots was denser,

and ladder fuels extended to within a metre of the ground.
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- Fire spread. Was slower and more uniform in this area, “with
_very little:torching, presumably a result of higher moisture
_contents® from shade effect. On the more open east side of
‘the’plots ‘spread was faster and the surface fire more
rintensej »“which' 'promoted torcﬁing'euen though laddér{fuels
‘were higher and‘ léss concentrated 'horizontally. 'In the
. extreme “Kazard; on Unit 6, crowning océurred throuéhoutrthe

plot regardless of density and crown height variations.

_iThe ‘experimental fires spread at rates that were
correlated - significantly with elements of the Canadian'FWlt
‘Because wind speed 'was low and varied little from one
burning - day - to ‘another, FFMC ‘was ‘the best base;statlon
predictor of spread. The ISI recalculated to the sites and
times of fires yielded a slightly stronger correlation than
d1d ISI 1n camp at 1300 h._ The relationship of rate .of
'spread to ISI resembled that found ‘in other studies, but the
data were too 11m1ted to support safe numerlcal prediction.

The same shortage of data prevented separating the effects

: of fuel m01sture and fuel loadlng, whlch were confounded by

the sequence of burnlng. of the two factors, moisture
appeared to have much the stronger influence on rate of

spread.

Better understandlng of 'the phenomenon of crowning
emerged from the pro;ect, ~as a‘ result of the .steady
progre551on of f1re v1gor up to the crowning threshold. Fire
followed beard llchens 1nto the tree crowns at all values of

KRR

FWI and its separate elements, and bark flakes becane
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effective ladder fuel at .about FFMC 90. However, crown
.mapegials_;hemselvest;f.foliage, twigs, bfanches -~ wWere not
ignited consistently by even hofiy flaming bark all along
_?:E“ks and major branches. A relatively high-intensity
‘sqrface'fire{ at FWI 28, was the triggering mechanism for
~the general crown fire on unit 6. Significant variation in
wind, which was not involved at Darwin- Lake, .would

complicate_the prediction problem.

Jack pine needles had the same moisture content, and
the amount of dead crown material was essentially the same
on_ all wunits. Thus, crowning at Darwin Lake was strictly a
function Vof dead surface fuel quantity -and - geometry,

moisture content, and to a lesser extent, wind.

The foregoing -sfudy confirmed the fact that the
behavior of fire in natural fuels is an exceedingly complex
process that is influenced by many'critical factors, singly
and co11ec§ively. Continuing observations ovar the full
range‘,of prescribed burns ahd‘wildfires dre neéesSary to
deteﬁﬁine fire behavior prediction criteria and guidelinés

for use in fire management.
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APPENDIX I -- General Vegetation Description

History -~ Ppast forééf fifes‘inrfﬁe nearly pure 3jack pine
forest on uplandzin_thg sﬁudy area‘were.largely responéible
for the mosaic of stands having - different combinations of
age, heighi,. and density;;-fhé '6ldest treas -occur as
scattered individuals in the more open stands (A1P, A2P).
The two bldest found iéte‘198fahd é00 yr old, suggeéting a
fire around 1770. Enough fire scars were aged to definitely
identify fires iﬁ thé early 1826;5, 1843, 1865, 1887, 1906,
and 1944. The 1843 fire apparently gave .riée to the B2P
stands'_iﬂ :study units'i,.z,,6,'aﬁd 7; and the B1P and c1p
sténds containing units 3-S5 apparently originated after the
1906 fire. The 1944 fire Qas widespread in the region; ou
the study area it burned with iSw intensity, scarring many
trees but killiné few even in‘tﬁe young stands resulting
from the 1906 fire. A higher-intensity éhase of this same
fire may have produced the extensive young (BOP) stands
north of the study-érea. | h |

gggggg §§§g§ - Burning units occupied essentially two
situations in the forest mosaic: (1) stands typed B1P and
C1P, 60+ yr old, averaging 2183 trees/ha (886/acre) with
mean dbh 9.9 cm (3.9 in.); and (2) stands typed B2P, 125+ yr
old} with 655 trees/ha (265/acre) and mean dbh 17.9 cm (7.0
in.) (Table 6). Mean basal area did not differ appreciably
between the two general types -- 16.5 vs. 16.2 m2/ha (7t.9

vs. 70.6 ft2/acre). Variations in stocking and mean dbh

reflect the inclusion of occasional small openings and dense
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clumps of smaller-than-average trees. The measurement grids
of units 1-7 occupied the more unifopm portions of the
stands, hence:- -tended to :-have greater densities thahifﬁe
entire mapped stands--well over 50% for all of the BjP aqd
C1P, and 40 50% for the B2P. Helghts of dominants ‘were close
. to. 12 m (40 ft) in the B1P and C1P types and around 19 m (62
ft) in the BZP type. Standlmg wdead trees we:e-few”aﬁd
scattered,- as were the small 1iving aspen and birch. "More
conifer reproduction ‘(virtually all jack pine) occurred in
the older stands (444/ha vs. 218/ha;*178/acre vs. 87/acre),
more hardwood (all aspen .and white birch) in the younger
(1456/ha vs. 300/ha; S582/acre vs. 120/acre).-

Shrubs -- Twelvel shrub species " occurred on the Bhrning
units, and five of these were ericaceous. Only ericads had
frequencies -greater ~ than 40% on any unit, ‘and one or the
other of two prostrate species ﬁas most 'frequent, and
estimated to be most important, on every unit: dry-ground
cranberry on units 4-7, and bearberry on units 1-3 (and
second in importance on units 4-7). These swo species wese
usuadly clesely associated and together provided average
cover of 27%. No other shrub species averaged as much as 1%
cover on any unit. As expected, more shrub species occurred

on the 1larger plots, and mean height increased with the

1 Aspen reproduction was considered a component of the shrub
layer.
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Table 6. Forest stand on the Darwin Lake experimental units

Jack pine  Other speciest

Living | Dead ' : Basal area

Unit Trees ﬂééﬁ . Trees Mean Trees Mean '
/ha dbh /ha dbh /ha dbh

No. . cn No.. e No. ch m&/ha
1 764  15.9 34 17.6 0 - 15.09
2 731 18.1 60  10.2 0 - : 18.66
3 2,417 10.0 0 o= [ - 18.175
4 1,877 10.7 o - = -85,/0 7.3/~ 16462
5 2,272 8.9 0o = 53748 8.7/77.4 14,05
6 §32 18.4 4 20,0 7765  4.8/4.0 14.03

7 594  19.2 0 - 0 - 16. 98

1aspen/white birch
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Herbs -- Thirteen herbaceous species (counting Pyrola as a

experimental units. :The number of ‘species on ‘any one unit

ranged from 6 - to 11. Anemone multifida, Linnea boredlis,

‘Maianthemum canadense, and Gramineae occurred on all units;

———— ——— e c——————

Cover. by all species: combined averaged only ‘ about '2%, and
mean heights only 2.4<8.2 cm (.94-3.23 in.). Lichens, mainly
Cladonia’' and Alectoria spp., Wwere thé ﬁoSt‘Conspicuous
quasi-herbaceous ground cover; iwith frequency averaging 79%
and cover 13%. ‘Mosses had nearly‘as high frequency (67%) but

covered much 1less area (2%): Litter was exposed, without

covering vegetation; ‘on:.27-59% -of the area (average 47%).
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APPENDIX II -~ Synoptic Reather

gg;gg to July 17. A cold 1low moving through northeastern
ritish Columbia had an associated surface and upper ‘air
trough moving through northern Alberta. This system brought
extensive rain to the Darwin Lake area, and -the FWI dropped

tO 0_0 LI

1S

uly 18 to 20. The cold trough was actually dumbbelling
around the cold core off the Queen Charlotte:Islands. This
cold core drifted inland over British Columbia. On July 18
and 19 a moist, unstable flow aloft on the.east side of the
cold core brought afternoon showers = and  thundershowers ‘to
the Darwin Laké area. Finally the cold trough had moved far
enough inland to set off a vigorous surface low that moved
through Darwin Lake on the evening of the 19th. This system:
produced a line of thunderheads which had heavy rain and
hail associated, and was reponsible for giving the study
area a thorough soaking.

JulY 21 to 24. puring most of this period a weak high
pressure -ridge at the 500 mb level drifted across northern
Alberta, @and a surface 1low developed 1in the Northwest
Territories around Great Bear Lake. The resulting
southwesterly surface flow over Darwin Lake was quite
unstable and gave gusty surface winds. The lake was very
choppy during this period, and aircraft on one or two
occasions had difficulty landing and taking off.
"Cunulonimbus and Towering Cumulus were evident during the

afternoons. The FWI rose rapidly; burns were executed on
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July 23 and-24. This was the windiest period of "*he ‘entire
project, - :mainly on account of the unstable air-:mass and the
southwesterly gradient. -«

July 25 to 30. The cold front and ‘associated showers ' that
mnoved . through ..the ‘Darwin TLake  'area late on the 24th-‘@nd
early 25th brought: an..end to.any hopes for further burns for
a. few days.. The huge rain -area ia the lower Mackenzie ‘(Fig.:
5) moyed -:southeastward @ but - .missed ' the Darwin Lake area.
However, -northeastern :Alberta was in a ‘cool moist,
northuesterly:flo%;:Themtroublesome feature aloft was a’'cool
trough persisting over:. Grea* Slave Lake. Thié—trbughifinally'
slipped south of the Darwin Lake area by July 30.

July 31 to Qggggi 2. A 500 mb ridge moved into the area east
of Great Slave Lake as the cool trough slipped southward
into Alberta. This brought about drying at upper levels and
also the establishment of a flat-surface high pressure area.
Although skies were . mainly clear throughout much of this
period, the light easterly circulation was not conducive to
warming the lower atmosphere.

August 3 to 6. A warm, flat, high pressure ridge aloft
during this period was accompanied by subsidence, resulting
in a fairly stable air mass. With a flat surface low in the
upper Mackenzie Valley, a warm southerly flow developed over
the Darwin Lake area. Owing to *he <stability of +he air
mass, however, winds remained quite light. The FWI remained
extreme and the highest value, 28, was recorded on August 5.
August 7 to 10. The ridge aloft that gave the warm dry

weather early in the month gradually moved eastward as a
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vigorous low aloft moved. inland from the Pacific. This
spawned surface systems that moved northeastward through the
upper Mackenzie Valley and northwestern Alberta. Although
the main shower area remained well west of the Darwin Lake
area, .the air mass became much more unstable as cooler air
moved. in around +the upper low. Increasing convective
activity, culminating with the.afternOOn.thundershowef of
August 7 (qhich put out the unit 5 fire in progress), marked
the end of the project. The surface +trough "moved by on
August 8 and was foilowed by a cool northwesterly flow which

persisted. until the middle of the month.
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- APPENDIX III - Details of Individual Fires

Unit 1 --. . The fire spread readily across litter and g;gggggg
only when . pushed by small gusts. Spread became slower with
the: passage of time because average .wind speed in the stand
decreased .from 4.8 km/h (3 mph) to less than 3.2 km/h (2
mph) . Rates observed for 20 aad : S0 .min a* two -‘points
averaged +«6. m/min (2 ft/min). The extensive mats of
bearberry and dry-ground cranberry proved to be effective'
fire barriers,  seldom being penetrated more than a few
centimetres; consequently, the fire covered 6n1y 60% of the
~unit.. Flames -~exceeded a few centimetres in height only in
the.occasional small concentrations of woody fuels and in
the lowest, 1lichen-covered, dead branches of few young
trees. ,The fallen trunks of several long-dead” ' trees
smoldered. overnight and in the end were almost totally
consumed. At least one standing. dead  tree burned down
overnight..

QEQL=l2- ==  .The firs* attempt to burn this unit showed that
the strqngést;wind during. the study blowing upslope from *the
east .could .not cause fire to spread in the face of high fuel
moisture content and humidity. :The second (successful)’
attempt . .also ,started,to.usé-the slope .along the east' edge;
but a very ..light, on-shore breeze - shifted to - steady
southwesterly, - and. ignition was shifted to the western
boundary of the wunit. Pire spread was slow but. rather -

steady, .averaging: about .9 m/min (3.0 ft/min) over a #0-min

period. Flames Wwere generally:<60 cm - (2  ft) high. A few
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trees torched, and one spot fire occurred within the unit.
Some of the denser patches of bearberry d4id no* burn, but
the fire covered 84% of the unit and scorched the surface
vegetation on another 5%. In the absence of a fire line, the
northeast- corner of the fire burned into a small Tuskeg
bordering the 1lake and produced an active flame front in

Labrador tea (Ledum groenlandicum} that moved about 6 m (20

ft) before subsiding.

unit 3 =-- Getting the ‘headfire started across thi¢&¢ unit
proved unexpectedly difficult because of a combination of
minor fuel discontinuities and wvariable ﬁind. High stand
densit+y and minor topographic features appeared to have a
disproportionate effect on wind direction and velocity.
However, the fire ultimately burned over virtually 100% of
the surface, 72% of which was bare litter and Cladonia.
Spread was slow; the average rate was 1 m/min (3.3 ft/min)
at six points observed for 5-27 min each. Flames generally
were <.6 m (2 ft) high, but brief flare-ups occurred in
occasional pa*tches of fine dead fuels, low brush, and small
pines. Somé very short-range spotting occurred just ahead of
the fire front. Fire not uncommonly ran to the tops of pines
in the abundan+, epidendric beard lichens and bark flakes,
but almost never involved other aerial fuels. Burning was
shallow; the fire merely passed over the surface of a
squirrel cache that' would be expected to smolder for days
under drier conditions.

Unit #wA -- A gentle, steady, southerly wind dictated

ignition across the south boundary of *he unit, with the
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fire advancing parallel to the long axis of +he measurement
grid. Some variation in wind speed and direction was noted
outside the unit, but southerly flow at an average of 3.2
km/h (2.0 mph) was measured 1.5 m (5 ft) above ground over a
2-h ~ period. Fire spread was correspondingly steady,
averaging 2.0 m/min (6.5 f+/min) (Fig. 8). Spread tended to
be slowest toward the western edge because of high stand
density. Fire frequently burned 1into the <crowns, using
epidendric lichens and bark flakes as 1ladder fuels.
Occasionally enough heat was denerated %o +<orch out the
green foliage. Short-range spotting 6ccurred around
hotspots. Essentially the entire surface area turned over.
Fire behavior was so consistent that burning was terminated
in order to provide an additional observation in the same
fuels but with different weat*her.

Onit 4B -- A 14% drop in relative humidity (to 26%) was the
main change from the conditions that had affected wunit 4A.
Wind speed at 1.5 m (5 ft) increased slightly during the
latter part of the fire; however, the 2 km/h mean wind speed
was similaf té unit 4A. Rate of fire spread increased to a
mean of 3.35 m/min (11.0 ft/min), with a range of .4-6.7
n/min  (1.3-21.8 ft/min). Increased fire 1intensity was
apparent from taller flames and faster spread immediately
upon ignition, with open conditions contributing to
increased fire vigor. Torching of crowns was common, and
mass torching occurred when the fire reached a sliéht
depression containing more woody surface fuel than usual for

the  unit as a whole. Every case of torchiny resulted in
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abundant spotfires, which considerably increased spread rate
over that attained through continuous spread 1in surface
fuel.

Gnit 3 -- The first attempt to burn was aborted moments
before ignition because of a reported wildfire that might
require attack by the project fire crew. On the second
attempt, one day later, the east. edge was ignited 1in spite
of a threatening thundershower, and the fire began to spread
evenly. However, the shower arrived less than half an hour
later, humidity quickly rose to 90% (from 40%), ¢temperature
fell to 17°C, and 1.8 mm of rain fell. As a.result, half of
the unit did not burn at all, and the fire was spotty on the
remainder, missing 30% entirely and merely scorching another
20%. No rate-of-spread estimates were obtained.

Onit 6 -- Weather was essentially a cont*inuation of that in
effect for unit 4B; temperature was 1°F lower and. relative
humidity 7% higher (33%). Before ignition virtual calm
prevailed at the 1.5-m (5-ft) level on the unit, increasing
to 6.4 km/h (4 mph) during the fire. Despite the relative
scarcity of 1low, dead branches draped wit+h lichens on the
20-m-tall (66-ft.) trees, a crown fire developed almost
immediately. Flames were about 30 m (98 f£¢) high, 10 a (33
ft) higher than the trees. Rapid development of the
crownfire prevented reliable estimation of fire spread
except for the plot as a whole. However, by quite
conservative estimate, the fire moved 160 m (525 ft) across
the unit in about 26 min, giving an average rate of spread

of 6.1 m/min (20 ft/min). Spread was essentially a function
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of heavier fuel loading -- the heavies* on any unit for all
fuel categories (Table 2). Surface wind accelerated as fire
intensity increased but appeared to be mainly in-draft. Wind
-~ of 8-16 km/h (5-10 mph) at tree-top 1level nmay have
encouraged crowning. Only a few rocky and/or moist spots on
the ground surface failed to burn -- less than 2%. Spotting
and high fire intensity resvlted 1in a small, quickly
controlled escape along part of the north unit boundary.

Unit 7 -- Passage of a weak cold front signalled the arrival
of a cooler airmass and was accompanied by 1light showers
that missed the study area to the north. Miﬁday temperature
dropped to 23°C from the preceding day, and relative
humidity rose ‘13% (to 46%). However, fuelstick moisture
content did not change, and only 1- and 2-point drops
occurred in FFMC and FWI, respectively. Wind shifted to
slightly west of south (200°) and was steady at 12.8-16.0
km/h (8-10 mph) from the surface to 1000 m (3300 ft). At the
unit, 1.5 m (5 ft) wind averaged 3.5 km/h (2.2 mph).
Ignition began at the south corner and proceeded both ways.
Spread was brisk along the southwest side where exposure to
wind was greatest. Limited crowning occurred in the
northwest quarter of the unit, but elsewhere steady surface
fire prevailed. Mean rate of spread was 1.98 m/min (6.5
ft/min). The fire burned over 85% of the surface and
scorched another 5%. Extensive ground cover (27%) by
‘bearberry and dry-ground cranberry noticeably reduced fire
‘'spread rate and coverage. Numerous small spot fires

developed just outside the windward side of the unit, and
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the only long-range spot of the study, 140 m (459 f¢)
distant, The helicopter-with-bucket assigned to the project
facilitated control of the spot fire,

Onit 8 -- One line of fire was set to see if it would run
across a small muskeg. In addition, two spot ignitioens were
studied through the afternoon burning period (1300-19G0 h)
on August 8. The shovery, weather that prevented a
satisfactory burn of unit 5 had- raised fuel moisture and
lovered elemerts of FWI to abeut the lévels that had
prevailed during the first successful burns (Table 4). The
Jine fire (No. 9, for convenience) spread at. an average rate
of 1.6 m/min (5.4 ft/min), with a range of .6-3.1 m/min
(1.9-10.2 ft/miﬁrq As on unit 2, the fire ran perhaps 10 m
(33 ft) into the muskeg but did not cross it completely and
did not burn deep into the organiec layer, Spotfire No. 10,
on dry upland, attained a fiaal‘Size of about 1.3 ha (3.3
acres) at 1900, with an average rate of spread along the
cardinal direc*ions of 12.6 msh (41 ft/h). Sample rates
meagufed between 1350 and 1610 along the more . active mnorth
and east vectors averaged .4 mn/min (1.4 ft/min), with a
range of .2-.9 m/min (.5-2.9 ft/min), The outline was fairly
ﬁegula: in a somewhat ovate ellipse. Spotfire Na, 11 was set
in a lower, moister, more sheltered situatiom, where the
small, dense Jjack pine had a heavier understory. The
resulting shape was quite irreqular, with a maximum
dimension at 1900 of slightly less than 30 m (16C ft), anad
an area of perhaps .1 ha (.25 acre). Rate of spread for a 5-

h period was 3.4 m/k (11.2 ft/h),



