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ABSTRACT

Fire spread characteristics in lodgepole pine stands were
studied using fires ignited as points and as strips on plots approx-
imately 1/20 acre in size. Strip fires exhibited equilibrium
behavior almost immediately following ignition but point ignited fires
showed acceleration of spread rate for up to 48 minutes before they
behaved completely in equilibrium with the fire environment.

Experimental conditions precluded the determination of
threshold limits for crown fire spread in these pine stands, but usable
relationships were obtained for prediction of surface fire spread rate
in terms of indices of the Canadian Forest Fire Behavior System. Fires
were conducted over a range in Fire Weather Index of 14 to 35 and
mean spread rates ranged from 0.4 to 6.5 ft/min.

Some predictive equations for fuel component moisture
contents of standing timber fuels in terms of the above Danger Rating
System are given.

A comparison of spread rates predicted by a U.S. Forest
Service spread model was made with spread rates observed in the field.
The model tended to underestimate the higher spread rates. Useful
information was gained on the role of herbaceous vegetation in fire
propagation mechanisms in heterogeneous forest fuels.



CHAPTER 1

INTRODUCTION

Prediction of forest fire behavior has occupied the efforts of
fire researchers since the pioneering days of fire science of the 1930's.
Many of the basic physical laws governing how fire behaves have been
described over the past four decades with the aid of laboratory and field
modeling techniques. The problem remains, however, of how best to in-
corporate physical laws into predictive tools which are usable in the field
for decision making by forest land managers. They deal with fire not in
an environmentally controlled laboratory, but in a highly variable and
complex natural system where the individual effects of each variable
cannot be quantified or isolated. It is understandable that most fire
management people feel they require guidelines which come from the "real
world", rather than from laboratory modeling procedures alone, since the
latter may provide useful information to the researcher but may lack
generality.

The Forest Fire Behavior System of the Canadian Forestry Service
(Can. For. Serv. 1970b) is a current approach being developed to provide
guidelines of fire behavior to various levels of fire management personnel.
The first phase of this system has been adopted by Canadian fire control
agencies, and consists of a fire danger rating scale called the Fire

Weather Index (Can. For. Serv. 1970a).



The purpose of the present study is to provide information on
important fire behavior characteristics for the initiating phase of forest

fires in lodgepole pine (Pinus contorta Dougl. var. latifolia Engel.)

stands. It is the intention of the study to test whether empirical
quantification of fire behavior in forest stands on small research plots
is a usable approach to providing basic data for development of the
predictive guides envisioned for the Canadian Forest Fire Behavior
System. The field test fires were conducted during three fire seasons

in the Prince George Forest District of central British Columbia.

Objectives

The first objective is to develop a field technique to quantify
fire behavior parameters in standing timber from time of ignition to
time of steady state behavior in surface fuels. Head fire spread rate,
flame length and depth, and fuel consumption will be measured. It is
intended that the study also provide information on fire crowning
potential by documenting threshold conditions for vertical fire growth.

Such a test fire technique will be employed over a range of fire
environments in lodgepole pine stands. Observed fire behavior parameters
will be related to descriptors of the fuel complex, to weather parameters,
and to indices of the Canadian Forest Fire Behavior System. Guides for
fire management in this fuel type relating to expected fire behavior at

various levels of Fire Weather Index will be prepared.



Observed spread rates and the measured fuel and weather elements
of the fire environment will be used as input into the U.S. Forest Service
fire spread model to determine the relationship of model predictions to

fire spread observed in a specific natural environment.



CHAPTER II

REVIEW OF LITERATURE AND CURRENT RESEARCH

Development of Fire Danger Rating

Most past and present fire behavior and fire modeling studies
have been oriented towards directly or indirectly improving fire danger
rating systems. This study has a similar goal and hence a mention of
danger rating principles is in order. The U.S. Forest Service (1956)
defined fire danger as the ''resultant of both constant and variable fire
danger factors which affect the inception, spread, and difficulty of
control of fires and the damage they cause.'" Fire danger rating was
defined as "a fire control management system that integrates the effects
of selected fire danger factors into one or more qualitative or numerical
indices of current protection needs."

This concept of fire danger rating has not drastically changed
since the need for objective estimates of fire control requirements was
first recognized early in this century. What has changed fire danger
thinking is the recognition that a single comprehensive system is now
required for efficient administration. Such a system must be applicable
to any geographic region by being designed to account for all significant
climatic differences and resultant fuel complex differences. Itwas the

tremendous geographic variability in fuels and hence in fire behavior



that led to a great many regional danger rating systems being developed
in Canada and in the United States. However, for danger rating to be
used most effectively for fire control resource allocation, all agencies
and all parts of the country should be able to communicate and make
decisions in terms of a single system. National systems of danger

rating are current goals of U.S. and Canadian fire research organizations.

Empirical Fire Behavior Studies

Empirical studies of fire behavior in a natural environment began
some fifty years ago (Show 1919) and were continued by Curry and Fons
(1938, 1940). Some of the first fires in artificially constructed fuel
beds under a controlled environment to determine the physical laws
governing fire spread were reported by Fons (1946). His spread model
defined the relationships of spread rate to such fundamental measurable
variables as wind speed, moisture content, time, and slope. Fons also
considered the importance of fuel bed compactness, fuel particle size
and density, and fuel temperature. He was probably the first to suggest
the concept of equilibrium or steady state fire behavior in terms of a
constant fire environment producing a constant spread rate.

In Canada, early fire research studies were conducted by Wright
(1932) and Beall (1947) primarily to produce fire danger rating systems
with regional application. Paul (1969) and Russell and Pech (1968)
described the standardized methodology used for several decades of
Canadian fire danger rating, which included correlation of incipient

test fire behavior with weather and fuel moisture conditions. Spread



rate, flame size, and smoulder characteristics were some of the fire
behavior properties evaluated. Behavior of these very small, point-
source, two minute duration test fires in natural surface fuels under
timber stands was studied not for developing scaling laws of fire behavior
but for correlating incipient fire behavior with indexes of fuel moisture
content,

Canadian studies of steady state fire spread in timber stands on
instrumented plots and on a scale such that all fire environment factors
could be evaluated were limited to those of Van Wagner (1964, 1965, 1968a)
until the present national fire behavior rating development program was
undertaken in 1968. The two-minute duration incipient test fire technique
of predicting fire behavior has been abandoned in favor of techniques
which will provide fire behavior information for the period of growth up
to steady-state spread in the surface fuel complex,

Countryman (1964) described the problems of extrapolating from
small laboratory or field test fires to large fires, noting that a different
set of controls of fire behavior may take over after a fire reaches a
certain size or intensity. He suggested that for very small fires, burning
characteristics of individual fuel particles and their arrangement and
continuity are of paramount importance to growth and spread. As a fire
grows horizontally and vertically, behavior is controlled by the more
gross elements of the fuel bed. For instance, in the initial growth
stage, burning rate of each pine needle in the surface litter and distance
to the next unburned needle will control spread, but at the crowning stage

it is the burning characteristics of individual trees and spacing of trees



which determines whether crowning can be sustained and what intensity
and spread rate will be exhibited.

Buck (1971) described stages in fire growth, First is a period
of initial heat buildup which persists from ignition until a sufficient
rate of heat output is achieved so that the fire can react with forces
causing spread. The burning area from point ignition becomes doughnut
shaped as the central portion burns out in the absence of wind or slope
(Curry and Fons 1938). As flame angle becomes vertical with continued
fire growth, rather than angled away from the unburned fuel as occurs
initially, more effective heat transfer in the horizontal direction is
possible (Buck 1971). Presence of slope or wind reduces the establish-
ment period required before fire environment interactions can occur.
Buck suggested 10 to 30 B.t.u./min. as the minimum rate of heat output
from an established fire to make it susceptible to spread forces.

The next stage of fire growth is described as the acceleration
period, the duration of which depends on a number of complex interactions
between fuels, wind, and slope. Buck lists several fuel factors deter-
mining acceleration of spread and intensity, including kinds, sizes,
distributions, moisture contents and moisture gradients, loading, and
burnout time. A fire may stabilize in rate of spread and heat output
or may enter what Buck terms the transition stage, which begins when
heat output rate is sufficient for convective activity to begin to offset
near-ground forces which normally regulate surface fire behavior. Three

criteria given by Buck as requirements for the transition growth stage



are large depth of flaming front in relation to frontal length, large
enough flaming area to be considered an area heat source rather than a
line or point source, and total heat output rate sufficient to significantly
disturb the surface wind field around the fire. Buck therefore rules out
the probability of fires in forest litter entering the transition stage,
principally because of low available fuel loadings and short fuel burnout
times. The results of the present study would support this reasoning.

Thomas (1967, 1971) suggested a spread theory and presented data
which allows two possible stable spread rates through forest fuel complexes,
dependent on the dominating heat transfer mechanism, fuel bed depth, and
bulk density. In a "fast" but stable spreading fire, flames are thick,
with flame fronts at least 30 feet deep, and radiation from the overhead
flame controls spread. The other type of equilibrium spread is the "slow"
spread rate accompanied by thin flames of low emissivity. Such behavior
is typical of fires in forest litter. Spread rate of fires in these
shallow fuel beds may be controlled by overhead flame radiation at lower
wind speeds than for deep fuel beds. 1In shallow fuels, the small thin
flames are subject to deflection by very light winds, whereas thick flames
in deep fuel beds resist deflection by wind. The low emissivity flame
fronts observed in the present study were subject to drastic deflections
by winds as light as 3 mph in the forest stand.

Besides the early work of Curry and Fons, which involved small
scale point ignited surface fires in California ponderosa pine (Pinus
ponderosa Laws.) stands, some important fire behavior work in timber stands

has been conducted by Russian researchers. Amosov (1964) conducted surface



fires using point ignition in lichen-moss fuel types in Siberiam jack

pine (Pinus banksiana Lamb.) stands. Plots ranged up to one tenth acre

and frontal spread rates were measured as they varied with wind, fuel
moisture and fuel type. He concluded that after an initial period of
acceleration, spread rate reached an equilibrium, generally after 18 to
24 feet of frontal spread. Curry and Fons (1938) suggested for the more
flammable ponderosa type that 30 to 45 minutes are probably required for
stable spread rates to be achieved and perhaps longer for stand wind speeds
above 5 mph. Similar growth periods were observed in the present study.
Another Soviet, Vonskii (1957), quantitatively defined surface fire
intensities which could be expected in three different surface fuel com
plexes under jack pine stands in the Soviet Union. He defined intensity
as the quantity of heat released per unit time per unit length of fire
front, similar to Byram's (1959) definition. He described fire intensity
in terms of rate of spread, flame height, depth of flame front, and fuel
consumption. In Vonskii's view, the principal controllers of intensity
are fuel type, moisture content, wind, and topography, with wind being
most important. Vonskii suggested that only low to medium intensities
will be observed in lichen-moss surface fuels and these intensities will
not generally produce crowning of pine stands. These intensities include
rates of spread below 15 fpm, flame heights below 6 feet and frontal flame
depths less than 9 feet. The present study corroborates Vonskii's results.
Relevant studies of fire behavior on a small scale in a laboratory-
controlled environment have been conducted in many fuels ranging from the

vertical twigs of Fons (1946), to the U.S. Forest Service Project Fire
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Model studies in wood stick cribs (Byram et al. 1966), to the pine needle
test fires of Rothermel and Anderson (1966), and the powdered artificial
fuels of Murphy et al. (1966). The conclusions of this host of studies
could be summarized as follows: Rate of spread varies directly with wind
velocity, fuel loading, fuel temperature, and fuel bed porosity. Rate of
spread varies inversely with fuel moisture content, fuel particle size and
bulk density of the fuel bed (Fons 1946; Anderson 1964; Anderson and
Rothermel 1965; Beaufait 1965; Rothermel and Anderson 1966; Anderson

et al. 1966).

Stocks and Walker (1968) concluded from laboratory studies that
the presence of green vegetation has little effect on rate of spread in
no-wind fires and backing fires, due to heat transfer being primarily
through the fuel bed. They suggested that herbaceous material may retard
the spread of head fires due to suppression of flame size, as the ovefhead
flames are the major heat transfer mechanism in headfires in shallow fuel
beds. The present study would suggest that herbaceous material increases
spread rate of head fires, as long as there is sufficient dead fuel dry
enough to supply the large heat of pre-ignition of the moist, green vegetation.

Murphy et al. (1966) documented the phenomenon of decreasing head
fire rate of spread as wind increases from zero to 2 mph, followed by
increasing spread rates at higher winds. Such a tendency was observed
on the point-ignited fires in the present study. They attributed this
feature to the formation of a vertical convection columm at zero wind which
permits entrainment of air at the fuel surface on both sides of the front.

A light wind of 1 to 2 mph, however, bends the smoke column over the heading
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front, preventing entrainment of fresh air from the burned side and causing

dilution of the available oxygen with combustion-inhibiting products.

Fire Behavior Modeling

The most significant early attempt at mathematically representing
fire spread in forest fuels was the model of Fons (1946) who described
flame propagation through a fuel bed as a series of successive ignitions.
The rate of spread was considered to be controlled by the ignition time
of the fuel particles and the distance between them. No significant
variables of the fire environment have been found since Fons' pioneering
work, with the exception of some fuel chemistry factors now known to be
important in determining combustion rate (Philpot 1970).

Project Fire Model, reported by Fons et al. (1960, 1962) and
Byram et al. (1964, 1966), used laboratory fires in stick cribs to defimne
functional relationships between many fire behavior characteristics and
fire environment variables. These studies determined that for wind-driven
fires, the contribution of flame radiation to the ignition of new fuel
is small compared to that of flame envelopment and flame contact. The
effect of flame radiation was suggested to increase with increasing fire
intensity, however.

Emmons (1963, 1965) presented a theory of energy transfer which
encompassed all methods of energy transfer from a fire to unburned fuels,
including turbulent eddies and fire brands. Emmons (1965) noted in these

discussions that:
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There is little hope and little incentive to try to understand
the rate of fire spread along a particular branch of a tree.
Rather it appears more profitable to try to find a statistical
method of defining the fuel distribution and then to find the
fire-front propagation rate as a statistical average.

Similarly, Thomas (1971) suggested with respect to wildland fire
behavior modeling that:

...the problems raised by the convection in high winds, the
inhomogeneities of natural fuels, the non-uniform distribution

of moisture in depth in duff and litter, make it difficult to
present a useful physical theory for natural fuels without a
considerable element of empiricism. Statistical models are
perhaps more appropriate for systems subject to so much variation,
but some physical interpretation is clearly a useful ingredient,

Fang (1969) used mathematical modeling to correlate observed wind-
driven spread rates in fine fuels with energy transfer mechanisms, including
both overhead flame radiation and convection., Experimentally he found
convective heat fluxes to be significantly greater than burning zone
radiation under wind conditions. In fact when allowing for both flame
radiation and radiation through the fuel bed, heat transfer to unburned
fuel was 1.5 times as great for hot gas convection as it was for total
radiation.

Other fire spread models of varying degrees of generality include
the following:

Albini (1967) presented a graphical model of fire spread through
a brush fuel with spread rate, flame length and flame depth as functions
of fuel bed parameters and wind.

Steward (1971) described a spread model based on heat transfer to

and from the unburned fuel considering radiation through the fuel bed,

convective transfer to fuel, ahead, and convective loss from fuel ahead
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by air drawn through the fuel bed into the burning zone. This model ignores
overhead flame radiation as being insignificant in still air fires.
Acceptable spread correlations were obtained with experimental fires in

wood excelsior.

Berlad (1970) presented a theoretical model of quasi-steady fire
spread through solid fuel arrays, including a detailed analysis of fire
spotting processes.,

Kourtz and O'Regan (1971) modeled surface spreading fire through
varying fuel types. They used a probabilistic approach to spatial fuel
distribution, making this model different from most preceding ones which
made no attempt to account for nonhomogeneous fuels. Spread rate and flame
persistence is predicted for a number of fuel types and fuel moisture
contents, although wind and slope are not accounted for.

Van Wagner (1969) described a simple geometric model for large
fire growth over time, specifically for fire control planning. Perimeter
and area are predicted from spread rate and time from ignition, assuming
that fire growth produces an elliptical fire shape.

Recent work by several U.S. Forest Service fire researchers has
resulted in a model of fire spread through continuous surface fuel arrays.
Anderson (1969) experimentally tested a mathematical model adapted from
earlier work of Fons (1946) and Thomas and Sims (1963). He found reasonably
accurate predictions of spread rate in porous fuels were possible by making
assumptions about horizontal convective heat transfer. Total radiant heat
transfer could not account alone for more than 407 of the total heat flux

required to maintain fire spread. Frandsen (1971) corroborated the earlier
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work of Thomas and Sims (1963) and Anderson (1969) by applying the conser-
vation of energy to a unit volume of the fuel bed ahead of an advancing
flame front, i.e. during the pre-ignition phase. Rothermel (1972) has
experimentally tested and quantified a number of parameters suggested by
the model theory as being significant in accounting for spread rates in
wildland fuels.

Rothermel (1972) has adapted this fire spread model such that it
is applicable to heterogeneous fuel arrays and such that input variables
of fuels, fuel beds, and the fire environment are measurable in the field.
The model is applicable to initiating fires which have reached steady
state combustion, and excludes spread by fire brands. This spread model
is integrated into the U.S. National Fire Danger Rating System by way of
a series of fuel models (Deeming et al, 1972). Fuel complexes have been
defined in terms of loading, depth, and particle size for both dead and
living fuels. Rates of spread and energy release for the various fuel
complexes are presented as component indices of a universally applicable
Danger Rating System (Deeming et al. 1972). The spread model is described

in Appendix II.

Measurement of Forest Fuel Complex

Fire researchers are in general agreement on the most significant
characteristics of a fuel complex which affect fire behavior. Quantity,
arrangement, and size distribution of fuel components are the basic fuel
factors governing ignition, spread, and intensity of fire (Fons 1946;

Fahnestock 1960). Fuel particle geometry, including size, shape, and
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density can account for differences in ignition time and burning rate
(Fons 1946). An accepted measure of fuel particle size is surface-area-
to~-volume ratio, or 0 (Curry and Fons 1938). Fuel bed arrangement can be
described in terms of porosity, or void volume to total fuel bed volume
ratio of the fuel complex, expressed by the symbol ¢ . Rothermel and
Anderson (1966) accounted for fire spread in needle beds with the combined
fuel variable oA , where A is the hydraulic radius of the fuel bed, defined
as the ratio of void volume to surface area. Bulk density (weight per
unit volume) is another measure of fuel bed porosity, having an advantage
over ¢ and A of easy measurement (Brown 1970). Compactness of a fuel bed
can be quantified by the packing ratio,B , which is the ratio of fuel
array bulk density to fuel particle density (Rothermel 1972). Loading
(weight per unit area) is important as a measure of potential fuel energy
or fire intensity (Brown 1970).

The total fuel complex, including both ground and aerial fuels,
must be accounted for when fire behavior in forest stands is of interest.
The ability of fire to become established in tree crowns dependé on trans-—
port vertically via some type of ladder fuel and a suitable degree of
horizontal continuity of the tree crowns to permit continuous spread
(Molchanov 1957; Muraro 1965). Distribution of aerial fuels, including
distance from the ground fuels and continuity of aerial fuels, is the key
to being able to predict whether a given flame length and fire intensity
in the ground fuels can move into the aerial fuels (Muraro 1971). Quanti-
fication of aerial fuel distribution is difficult, although Muraro (1971)

presented a number of measured distributions for various lodgepole pine
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stands. A subjective system of rating the crowning potential of wvarious
fuel distributions was suggested by Fahnestock (1970).

Some of the important fuel complex parameters present few measure-
ment difficulties in heterogeneous forest stands. Simple methods of
measuring volumes and surface areas of discrete particle-type fuels lying
on or near the ground surface have been developed. Examples are the line
and planar intersect methods of Van Wagner (1968) and Brown (1971). Also
welghts of crown fuel components can be satisfactorily predicted from such
measurements as tree dlameter, height, stand density, and site quality
(Brown 1965; Kiil 1967, 1968; Johnstone 1970; Muraro 1971; Smith 1970a
and b).

Indirect estimation of litter and duff surface fuel loadings from
easily measured stand parameters has not been generally successful, however.
Muraro (1971) and others suggest that current stand measurements do not
reflect the past fire history of the stand sufficiently to allow prediction
of surface fuel quantities. Direct measurement of duff and litter depths
and weights are still required.

A number of other studies have been reported which can eliminate
some fire-related fuel measurement problems. Muraro (1964) described
surface~area-to-weight relationships for branch litter under lodgepole
pine stands. Brown (1970a and b) and Countryman and Philpot (1970) measured
fuel bed porosities and such fuel particle characteristics as surface-
area—to-volume ratio and particle density for a number of fuels. Some
fuel chemistry studies have provided a data source for such important

fuel characteristics as caloric value (Bliss 1962; Mutch 1964; Hough 1969).
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Kilzer and Broido (1965) and Shafizadeh (1968) described some effects of
fuel chemical composition on flammability. Philpot (1968, 1970) measured
ash contents for a number of fuels, noting that small differences in
silica-free ash content of fuels can greatly affect flammability. Philpot
and Mutch (1971) suggested that although conifer foliage moisture content
tends to rise through the fire season, the highly flammable foliar extrac-
tives increase to their maximums through the fire season and could affect

crown fire potential,

Summagz

The preceding literature review is not complete but represents the
highlights of the reviewed works which helped define the scope and me-
thodology of the study and helped to explain some of the observed results.
It was possible to bridge the gap between methodology suited to the
laboratory and what is possible to quantify in the field only through

such an extensive review of the related work of others.



CHAPTER III

FIELD PROCEDURE

Introduction

It had been planned to conduct a test fire program on two
physically different lodgepole pine sites and measure fire behavior
over a range of stand, surface fuel, and weather conditions. The
stand conditions selected were representative of a dry pine site and
a fresh or moist pine site in the Montane Transition or M.4 forest
classification type (Rowe 1959). Howeveg,the moisture regime and fuel
arrangement on the fresh site permitted conducting of only two fires
on this site, so the test fire program was confined mainly to the dry

pine type.

The Study Area

A study area was selected in the north-central interior plateau
of British Columbia, in the Prince George Forest District. This area
is rolling upland interspersed with broad valleys. Topography is gentle
and elevations vary from 1500 to 2500 feet in the valleys and from 3000
to 4000 feet along the ridges. Glaciation has left glacial till and
glacio-lacustrine deposits and drumlins over much of the area. Pre~
cipitation occurs throughout the year, with summer and fall months
receiving the heaviest amounts, and annual precipitation ranges from

about 20 to 36 inches. Soils vary from excessively drained sands and

18
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sandy loams on the drumlins to poorly drained organic bogs and mucks in
depressions.
Forests in the Montane Transition (M.4) and in the Subalpine (SA.2)

sections (Rowe 1959) are spruce (Picea engelmannii Parry and P. glauca

(Moen.) Voss) and Alpine fir (Abies lasiocarpa (Hook.) Nutt,) climax with

extensive pioneer lodgepole pine stands established as a result of fire
history. Pure pine stands normally develop on dry to fresh sites while
mixed pine-spruce stands often occupy moist sites (Armit 1966). Douglas

fir (Pseudotsuga menziesii (Mirb.) Franco), birch (Betula papyrifera

Marsh var. subcordata (Rydb.) Sarg.), and aspen (Populus tremuloides

Michx.) are often present in minor amounts in the M.4 transition zone

(Rowe 1959).

Description of Study Sites

The main weather station and fresh pine site were 36 miles north
of Prince George, B.C. adjacent to Highway 97, at an elevation of 2350
feet (lat. N. 54° 22', long. W. 122° 38'). The dry pine sites were four
miles further north, one-half mile east of Highway 97 (Fig. 1). These
locations are in the B.C. Forest Service Summit Lake Ranger District.

Forests in this area are transitional in nature between montane
types to the south and subalpine types to the north and are difficult to

classify. The dry pine sites closely resemble the Arctostaphylos-Lichen

(AL) site type described by Illingworth and Arlidge (1960), which is an

abundant, poor site quality lodgepole pine stand type characteristic of
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drier parts of the Cariboo and Chilcotin regions. However, precipita-
tion in the study region is not limiting, although the sandy soils are
excessively drained. As a result, mosses form the principal continuous
ground vegetation, with moderate cover of Cladonia spp. (reindeer lichen),

while Arctostaphylos (bearberry) is of less importance than on a true

AL site. The fresh pine site most closely resembles Illingworth and
Arlidge's (1960) Cornus-Moss (C-M) site type, which is second lowest
of the five spruce-alpine fir site types of this region, in terms of

productivity.

Dry lodgepole pine sites

The two dry pine sites are basically pure lodgepole with a
scattered low understory of lodgepole pine, spruce, alpine fir, and
Louglas fir. Stand characteristics are presented in Table 4. Both dry
pine sites have rather open, parklike stands, the north site stand being
denser and shorter thaﬁ on the south site. The principal stand difference
between the sites from a potential fire behavior viewpoint is that the
north site has smaller trees with lower green crowns. Both sites are on
well drained deep sandy soils.

Differences in organic layer composition are quite proncunced
between the two sites. The south site has a well-developed continuous

moss layer, mainly Pleurozium schreberi. Reindeer lichen, which includes

several species of Cladonia, is fairly abundant, but patchy. Several
species of Vaccinium form an almost continuous light herbaceous cover

six to eight inches high. Other species forming a minor part of the
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herb layer include Cornus canadensis, Arctostaphylos uva-ursi, and

Chimaphila umbellata. The north site, however, has Cladonia as its
best developed, almost continuous ground fuel component, with moss being
scattered and patchy. Vaccinium is present but forms a lighter cover.

Arctostaphylos forms a fairly complete low cover with the reindeer

lichen. No other herbaceous or low shrub species play an important

role on the north site. There is no tall shrub layer on either site

but a fairly heavy pine advance regeneration layer of 2300 stems per acre
averaging 3.5 feet high covers both sites. A light pine needle litter
layer lies on and intermixed with the moss and Cladonia layers of both

sites.

Fresh lodgepole pine site

This site supports what would appear to be a seral stage of a
developing spruce-alpine fir climax. Presently 807 of the stand basal
area is lodgepole pine, with 207 accounted for by Douglas-fir, spruce,
alpine fir and scattered birch and aspen. This may be termed a '"fresh'
pine site (Armit 1966) since the soil is not as excessively drained as
on the dry sites, allowing the sub-climax and climax tree species to
develop more rapidly and also allowing the continuous lush moss layer
to flourish. The soil here is a stony loamy sand. The moss layer is

thicker than on the dry sites, principally Pleurozium and Calliergonella.

Vaccinium spp. form a complete, though not a dense cover, about one foot

high. Other components of the herbaceous layer include Cornus canadensis,

Clintonia uniflora, and Chimaphila umbellata. Cladonia spp. are present,

but in small scattered patches, except for stand openings where they
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dominate the ground layer along with several species of foliose-type
lichens, mainly Peltigera spp. A shrub layer is generally absent, with

the exception of scattered low Sorbus sitchensis, Amelanchier alnifolia,

and Salix spp. The herbaceous layer also contains Lycopodium annotinum,

Pyrola spp., Arctostaphylos uva-ursi, and Gaultheria humifusa. Advance

regeneration is moderate, about 1500 stems per acre and five feet in
height, composed 50% of alpine fir, 257 Douglas—fir, and the remainder
spruce and pine.

The site is of higher productivity than the dry sites, with the
fresh site having produced approximately the same basal area and cubic
volume in 75 years that has been produced on the dry sites in 100 years.
Higher productivity is due to this fresh site being less excessively
drained, but this factor also accounted for the heavier cover of mosses
and herbaceous growth and reduced cover of Cladonia}which precluded

obtaining extensive fire behavior data on this site.

Test Fire Experimental Design

Plot description

Fire spread was evaluated with two plot designs. A circular,
centrally-ignited plot and a square, edged-ignited plot were used. Plots
were located subjectively on the study areas rather than randomly, so
that stand openings and small topographic features could be avoided.

It was felt that neither a random selection nor a mechanical grid would

offer any advantage over a strictly subjective plot selection.
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The circular plots had a 50 foot diameter and an area of .045
acre. Design of the plot is shown in Fig. 2. Twelve radii were staked
at 30 degree intervals about the plot centre. Aluminum stakes were used
to mark reference points at 5-foot intervals along each radius. Other
instrumentation on plots is discussed in the fuel inventory and fire
behavior sections.

The square plots were 50 feet on a side or .057 acre. A 10 foot
by 10 foot stake grid for reference points was established as shown in

Fig. 3.

Fuel inventory

Amounts of fuel in several strata from mineral soil to live crown
were measured for each site as follows:

The organic layer was stratified into upper and lower horizons
and sampled for density and loading. The moss-Cladonia composition of
the duff layer did not lend itself to characterization into standard L,
F, and Hl (litter, fermentation, humus) horizons with distinctly different
physical characteristics. The low density upper horizon, consisting of
needle litter and growing vegetative parts of the moss and Cladonia plants,
was easily and consistently distinguishable from the lower, densely matted

fermentation layers. No humus layer could be distinguished.

forest floor layers as defined in Glossary of Soil Science Terms, Soil
Sc. Soc. Amer. Proc. 29(3): 330-351, 1965.
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Organic layer sampling was based on randomly located one-foot-
square plots. Depths of the upper horizon and total depth of the organic
layer from the top of the litter layer to mineral soil, but excluding
herbaceous material, were an average of four measurements for each
sample. The herbaceous and dwarf shrub layer was separated from the
remainder of the organic layer, and its contribution to fuel loading
determined. Similarly, fine surface litter, including needles and small
twigs up to 1/4 inch,were sampled separately.

All fuel loading determinations were on an oven-dry weight basis,
the samples being dried for 48 hours in a forced circulation oven at 105°c.

Twig, branch, and down-log fuel loading was evaluated on each
test fire plot using a line intersect sampling method as described by
Van Wagner (1968) and Brown (1971). This method involves tallying only
the number of intersections of fuel pieces, by diameter class, over a
known length of sample line. The following formulae were used to derive

volume, weight and surface area of the cylindrical fuels on each plot:

where: V = fuel volume per unit area (ft3/ft2)
L = unit length perpendicular to sampling line (=1ft)
N, = number of fuel particle intersections for ith diameter class

d. = diameter of ith size class (ft.)

k = number of size classes used.
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where: W = oven dry weight of fuel per unit area (g)
V = volume of fuel (cm3)

density (g/cm3)
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The following diameter classes and modal diameters (di) for each

class were used in the fuel inventory determination:

diam. class (in.) modal diam. (in.)

< 0.1 0.08
0.1 to 0.5 0.15
0.51 o 1.0 0.55
1.1 to 2.0 1.50
2.1 to 3.0 2.50
3.1 to 4.0 3.50

> 4.0 5.00

Lengths of sample line tallied were 31.2 feet on each circular plot and
40 feet on each square plot. Fuel loading was based on a specific gravity
for lodgepole pine of 0.41 (Kennedy 1965). The modal diameters were used
rather than arithmetic mean or class mid-point diameters because of the

skewness of the population distributions, particularly in the small
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diameter range. The data collected by Muraro (1964) was used to determine
modal diameters of the three smallest classes.

Shrubs and advance regeneration were mapped and tallied by species
and height for each plot. With the exception of Vaccinium spp., shrubs
were an insignificant component of the fuel complex on all three sites,
but advance regeneration did contribute to the total available fuel,
principally as a vertical flame-carrying medium, and warranted considera-
tion in the fuel inventory.

Low dead branches on tree boles were considered to add to vertical
fuel continuity and were therefore tallied by diameter class and length
on each tree, to a height of ten feet. Three diameter classes and three

length classes with the following class limits were used:

diam. class (in.) length class (ft)
< 1/4 < 1
1/4 to 1/2 1 to 2
> 1/2 > 2

All trees were inventoried as to diameter at breast height (dbh),
total height, and height to live crown.

Crowning potential of individual trees was subjectively estimated
by examining vertical fuel continuity and type of fuel at the tree base
and up the bole. Five trees on each plot were designated on a scale of
1 to 5 as being the most likely to transport a surface fire into the

aerial fuels. Factors given weight in this subjective crowning potential
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determination included accumulation of fine fuel material such as needles
and twigs around the tree base, presence of dry '"deer moss'" and dead

branches on the lower bole, and a low green crown.

Fuel moisture content

Destructive samples from several fuel strata were taken on a daily
basis, with the exception of days with measurable rain, in order to de-
termine moisture content trends and to permit correlation of fire behavior
with moisture content of important fuel components. On days that test
fires were conducted, moisture samples were taken on the plot to be burned,
immediately prior to ignition. On other days, samples were taken from a
designated area adjacent to the test fire plots.

The organic layer was divided into the same strata for moisture
content determination as for loading samples. Herbaceous material, in-
cluding the low shrub layer of Vaccinium spp., was the first stratum
removed. Fine surface material, which included needles, twigs less than
1/4" diameter, and the ventilated tips of Cladonia spp. and moss was
considered as the stratum most influential on fire rate of spread, from
a moisture content viewpoint. Next, the upper horizon or low density
portion of the organic layer was removed down to the compact F - horizon.
Finally, the lower F - horizon was removed as a stratum down nearly to
mineral soil. Care was taken when sampling organic material next to
mineral soil not to attempt to remove all the F - layer, since inclusion
of even small amounts of mineral soil in the sample renders it useless
as a moisture content indicator. Organic layer sampling was on a square-
foot basis, and two samples were taken on each test fire plot prior to

burning.
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Cylindrical ground fuels were sampled in three diameter classes,
as random composite samples taken from the test fire plot on burning days
and from the designated sampling area on non-burning days. Twig, branch,

and downlog fuels were sampled from the following diameter classes:

1/4" to 1/2"
1/2" ro 1 1/2"

11/2" to 3"

Samples of regeneration and tree needle moisture content were taken
on burning days from randomly selected trees.
Oven drying of samples for 48 hours at 105°C was the standard for

deterrining oven dry weights for moisture content calculation.

Weather measurements and Forest Tire Behavior System indices

Significant fire weather variables were measured on continuous-
recording instruments at a weather station adjacent to the fresh pine
experimental site in a large, fully exposed opening. Measurements included
temperature and relative humidity, recorded by means of a hair hygrothermo-
graph, daily rainfall, using a siphon-type recording gauge, continuous
wind speed and direction at a height of 33 feet, using an analog recorder
for speed and eight-point event recorder for direction. These are the
variables required for calculation of the Canadian Forestry Service Fire
Weather Index (Can. For, Serv., 1970a), which was one basis of accounting
for test fire behavior. Additicnal background meteorological data were
collected, including daily duration and intensity of solar radiation,

relative amounts of dew and maximum and minimum temperature.
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An auxiliary weather station was operated adjacent to the dry
pine sites to account for local precipitation differences, because of
large areal varlability of summer rainfall in this region. Only tempera-
ture, relative humidity and rainfall were monitored at this station, along
with B.C. Hazard Stick moisture.

Components of the Canadian Forest Fire Weather Index were
calculated for each weather station, with main weather station wind data
being applied to the auxiliary station readings of temperature, relative
humidity and rainfall.

Temperature, relative humidity and B.C. Hazard Stick moisture
were measured in the timber stands on both fresh pine and dry pine test
fire sites, using a hygrothermograph exposed in a shelter at 4 feet.

Weather measurements taken during test fires are discussed in

the next section.

Fire behavior and impact measurements

Ignition of the point-source fires was accomplished by assembling
a cubic foot pile of dry twig and branch material at the plot centre and
lighting it with matches. Because this heat source influenced the initial
fire behavior, observed spread rates for the first six minutes were
eliminated from analysis.

The strip plots were ignited by drip torch,using a single line
of gasoline-diesel fuel as the initial energy source. Because of the
rapid burnout time of this fuel, only the first minute of fire spread

after ignition was affected by the added fuel.
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Rate of spread was measured by plotting the fire front position
at three-minute intervals for circular plots and at minute-intervals for
strip plots. Mean and maximum heading flame lengths and fire front depths
to the nearest half foot were also estimated at these intervals. A grid
of 24 thermocouples provided auxiliary spread and residence time data on
some tests. Time-lapse 35 mm photographic records were also made of some
of the test fires. Tape recorded notation and spot photographic records
were made of changes in fire behavior such as sudden accelerations of
spread or movement into tree crowns.

Wind speed over the time interval used to measure spread rate was
measured in the stand adjacent to the test fire at a height of 3.5 feet
with a sensitive cup anemometer., Wet- and dry-bulb temperatures were
recorded prior to ignition at the ignition point, 4 inches above the
duff surface.

Fire impact was determined by measuring fuel quantities removed
and by observing mortality of advance regeneration one month and again
one year following the fire. Organic layer fuel depletion was indirectly
measured by multiplying the measured length of exposure of depth-of-burn
pins by site mean fuel loadings per inch of depth, as determined in the
pre-fire fuel inventory. Cylindrical-type fuels were retallied after
the burns on the same intersect lines as the pre-burn inventories, and

depletions calculated.

Fire control precautions

Test fire plots were individually protected by 18 inch wide,

hand-dug fire lines. Hand tools for a crew of four were provided,
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including hand-tank pumps, shovels and pulaskis. A fire pump and hose
line supplied water to each test plot. Complete mop-up of all hot spots
followed each test fire, but this task was minimal because of the small
quantities of fuels having long burnout times. No control difficulties
were experienced, although numerous spot fires resulted outside the plot

areas from firebrands falling from individually crowning trees.



CHAPTER IV

RESULTS

Fuel Distribution

Surface fuels

Loadings, depths and bulk densities of the surface fuels on each
test fire site are presented in Table 1. The sampling unit was one square
foot and the reported values are means of 43, 24, and 20 randomly located
samples for the Dry Pine South, Dry Pine North, and Fresh Pine Sites,
respectively.

Loadings by diametexr class and site are given in Table 1 for
branch and log fuels lying on the ground. These are the means of the
line intersect samples for the 25 Dry Pine South plots, 8 Dry Pine North
plots, and 11 Fresh Pine plots.

It is apparent from these data that the surface fuel character-
istics of loading and bulk density were similar on all three sites.

There was significantly more branch and log fuel of sizes greater than

one inch on the Dry Pine South site than on the other sites, but most

of this fuel was not a significant contribution to fire front propagation,
due to its long burnout time.

In order to more completely describe the surface fuel complex,

individual fuel particle measurements were made on the three deminant
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TABLE 1.--Surface fuel loadings and bulk densities by site

Dry Pine Dry Pine Fresh
South North Pine
Loading of herbs and low shrubs (lb/ftz) .008 .010 .006
Depth of herbs and low shrubs (in.) 6 6 12
Loading of fine surface litter (lb/ftz) .011 .007 .009
Loading of upper organic layer (lb/ftz) .139 .128 .128
Depth of upper organic layer (in.) W77 .85 .86
Bulk density of upper organic layer (g/cm3) .035 .029 .029
Loading of total organic layer (lb/ftz) «333 .229 .386
Depth of total organic layer (in.) 1.2 1.2 1.4
Bulk density of total organic layer (g/cm3) .053 .037 .053
Loading of surface branch fuel 0-1/2 in. (1b/f£t?) .008 .005 .007
" " " " " 1/2-1 in. .003 .002 .002
" i ik & " 1-2 in. .013 .005 .003
" " branch and log fuel 2-3 in. .016 0 .008
" " log fuel greater than 3 in. .087 .052 .016

Total surface fuel loading (lb/ftz) .468 .303 .428

9¢
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particles and the results are listed in Table 2. Sampling was limited
because the microscopic measurements required to determine particle
density and surface-area-to-volume ratio (0) are tedious. The results
show the moss particles to be almost as dense as the needles, whereas
Cladonia particles are extremely low in mass. The low density and
hollow stems of Cladonia are the reason for its very rapid response to
climatic change and, when coupled with its fineness as indicated by the
high surface-area-to-volume ratio, it is apparent why this fuel is a
rapid fire carrier. The moss showed a very high surface-area-to-volume
ratio primarily because of the large contribution of its numerous very
thin "leaves'" to surface area. These leaves make a very small contri-
bution to the available energy of the fuel, however, so that the high ¢
is not indicative of its fire potential.

Standard bomb calorimetry tests were run on the fuel particles
to determine low heats of combustion and ash contents (Table 2). The
results showed significant differences between the three particles with
Cladonia having the.lowest heat yield and pine needles the highest.

The reported values are the means of three test runs.

Because there were obvious surface fuel differences between
organic layers containing Cladonia as opposed to those without Cladonia,
a separate sampling experiment was run to determine quantitatively what
these differences were. Twelve 15 cm.-square samples of the upper
organic layer were randomly selected, seven from areas with Cladonia
and five without. All three test fire sites were included in the samp-
ling. These samples were dissected in the laboratory to determine

proportions of moss, needles and Cladonia by weight and by volume and
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to determine fuel descriptors for the fuel complex as a whole. The
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