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ABSTRACT 

Four adjacent  a reas  of cedar-hemlock s l a s h  (50°45'N, 
118°40'W,elevation 3280 f t .  a.s.1.) were burned t o  evaluate  
prescribed burning a s  a hazard abatement technique. Sampling 
i n t e n s i t y  was th ree  octagonal p l o t s ,  perimeter 240 f t . ,  per  
2 ac res  of burn. The e f f i cacy  of var ious  parameters a r e  d is -  
cussed. 

Fuel  loading qua l i f i ed  by maximum s i z e  of f u e l  components 
appears t o  be the  bes t  means of d i f f e r e n t i a t i n g  the  hazard in  
f u e l  complexes. F i r e  impact in tegra to r s ,  as used, were not  an 
e f f e c t i v e  means of measuring f i r e  in tens i ty .  A formula is 
presented,  indica t ing t h a t  the benef i t /cos t  r a t i o  i s  optimum 
i n  1-year-old cedar-hemlock s l ash  when the  s l a s h  hazard index 
is 11. A t  a s l a s h  hazard index of 9 l i t t l e  abatement is  
achieved; when the index is higher than 12, with winds i n  ex- 
cess  of 5 mph.,the cos t  of ensuring confinement may reduce the  
benef i t / c o s t  r a t i o  t o  l e s s  than unity.  



Quatre a i r e s  ad jacentes  (50°45'N., 118°40'0., a l t i t u d e  
absolue de  3280 p ieds)  couvertes  de r6manents de C2dre et de 
Pruche f u r e n t  brGl6es dans le but  d lEvaluer  l e  brGlage d i r i g E  
comme moyen de r6dui re  les r i sques  d ' incendie .  Pour chaque 2 
a c r e s  brGlEes, 3  t e r r a i n s  octogonaux d'un pzr imst re  de 240 
p ieds  f u r e n t  6chanti l lonn6s.  

Dans c e s  exp6riences,  l a  quanti tE de  combustibles (en 
tonnes / ac res ) ,  compte tenu du diamstre  maximal des rzmanents, 
s ' avbre  le  p lus  important des d i v e r s  paramztres 6tudi6s.  

Les ca lor imbtres ,  t e l s  q u 1 u t i l i s 6 s  au cours  des  gtudes,  
ne mesursrent pas efficacement l l i n t e n s i t E  du f eu .  

D'aprZs une c e r t a i n e  formule, l e  rapport  p r o f i t / f r a i s  
e s t  opt imal  pour l e s  r6manent Zg6s d'un an lorsque l ' i n d i c e  
de brGlage y e s t  de onze. Par  con t re ,  s i  c e l u i - c i  b a i s s e  Zi 
9,  l e  d i t  rapport  approche l ' u n i t 6 .  E t  s i  l ' i n d i c e  monte au- 
dessus de 12 lorsque l e  vent  s o u f f l e  2 plus  de 5 m i l l e s  2 
l ' heu re ,  les f  r a i s  peuvent dEpasser les avantages de ce  t r a i t e -  
ment . 



PRESC 
~ r r m -  6 C  H. 

PREFACE 

A n  abridged versian of thfs paper was one of the special 
papers prepared f a r  the Cangress of the Internat i a m l  Unian a£ 
Forest &sear& Qrganiza.tians, MunCch, Germany, Sep teaber 4-9, 
1967. This pablication presents the subject in greater  d e t a i l  
than, tke former presentatLon permitted. In t h i s  versian , mare 
detailed data and d i s c u s s T ~ a  a£ data are given, particularly 
in the detail concerning t k  evaluatian of prescribed barns 
with hazard abatement as the sole crbfecttve. 
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PRESCRIBED FIRE - 
EVALUATION O F  HAZARD ABATEMENT 

INTRODUCTION 

The Soc ie ty  of American F o r e s t e r s  (1958) d e f i n e  p re sc r ibed  
burning a s :  

" s k i l l f u l  a p p l i c a t i o n  of f i r e  t o  n a t u r a l  f u e l s  under cond i t i ons  of 
weather ,  f u e l  mois ture ,  s o i l  moisture ,  e t c . ,  t h a t  w i l l  a l low con- 
f  inement of t h e  f i r e  t o  a  predetermined a r e a  and a t  t h e  same t i m e  
w i l l  produce t h e  i n t e n s i t y  of hea t  and r a t e  of spread r equ i r ed  t o  
accomplish c e r t a i n  planned b e n e f i t s  t o  one o r  more o b j e c t i v e s  of 
s i l v i c u l t u r e ,  w i l d l i f e  management, g raz ing ,  hazard reduc t ion ,  e t c .  
Its o b j e c t i v e  is  t o  employ f i r e  s c i e n t i f i c a l l y  t o  r e a l i z e  maximum 
n e t  b e n e f i t s  a t  minimum damage and accep tab l e  cos t s . "  

I n  ~ r i t  i s h  Columbia t h e  primary o b j e c t i v e  of p r e sc r ibed  burning 
is  consumption of t h e  f i n e  f u e l  components f o r  t h e  purpose of hazard abate-  
ment. Of secondary importance i n  t h e  cedar-hemlock reg ions  i s  reduc t ion  
of t h e  organic  l a y e r  and logging d e b r i s  t o  improve s i t e  workab i l i t y  t o  
f a c i l i t a t e  n a t u r a l  o r  a r t i f i c i a l  r e f  o r e s t a t i o n .  

The a p p l i c a t i o n  of p r e sc r ibed  f i r e  t o  accomplish t h e s e  o b j e c t i v e s  
is j u s t i f i e d  only i f  t h e  d e s i r e d  end r e s u l t  is achieved a t  a  c o s t  which i s  
less than  t h a t  of a  comparable end r e s u l t  accomplished by o t h e r  means. 
Included i n  t h e s e  c o s t s  must be t h e  expense of escaped f i r e s  and t h e  l o s s e s  
i n  product ion  r e s u l t i n g  from d ive r s ion  of personnel  and equipment t o  t h e  
burning program. However, maximum b e n e f i t s  may be r e a l i z e d  only when t h e  
land manager can p r e d i c t  t h e  behaviour and e f f e c t  of f i r e s  i n  v a r i o u s  f u e l  
t ypes  and burning condi t ions .  

P re sc r ibed  burning c o s t s  can be minimized i f  guides  t o  p r e d i c t  
behaviour and impact of p r e sc r ibed  f i r e s  i n  v a r i o u s  f u e l  t ypes  a r e  provided. 
The land manager would apply t h e s e  guides  t o  de f ine  weather  cond i t i ons  t h a t  
a l l ow  a  s u f f i c i e n t  energy r e l e a s e  t o  accomplish the.  d e s i r e d  predetermined 
o b j e c t i v e s .  Guides t o  p r e d i c t  f i r e  impact would a l s o  be u s e f u l  t o  determine 
t h e  chances of u s ing  f i r e  t o  accomplish a  p a r t i c u l a r  ob j ec t i ve .  I n  some 
c a s e s  o b j e c t i v e s  a r e  def ined  t h a t  a r e  p h y s i c a l l y  impossible  t o  ach ieve  i n  
t h e  normal burning season. In  t h e s e  ca se s  a l t e r n a t e  t r ea tmen t s ,  more severe  

l ~ e s e a r c h  S c i e n t i s t ,  Department of Fo re s t ry  and Rural  Development, B r i t i s h  
Columbia Region, V i c t o r i a ,  B.  C.  



burning c o n d i t i o n s  o r  re-examinat ion  of o b j e c t i v e s  should be considered.  
However, t h e  land  manager must be aware of t h e  maximum f i r e  impact p o s s i b l e  
i n  t h e  v a r i e t y  of f u e l s  and weather  where p re sc r ibed  burning i s  at tempted 
i f  maximum b e n e f i t s  a r e  t o  be r e a l i z e d .  

This  paper  d i s c u s s e s  methods of e v a l u a t i n g  f i r e  impact i n  terms 
of i n i t  i a l  and r e s i d u a l  f u e l  i n v e n t o r i e s  , based on d a t a  from p re sc r ibed  
burns i n  cedar-hemlock (Thuja plicata - Tsuga heterophy ZZa) logging s l a s h .  
An approach t o  an economic assessment of hazard abatement is advanced and 
requirements  f o r  improving a p p r a i s a l s  of t h i s  type a r e  ou t l i ned .  

Study Area 

The g e n e r a l  s tudy a r e a  is loca t ed  i n  t h e  King F i s h e r  Creek 
Drainage,  50°45'N l a t .  118°40'W long . ,  i n  t h e  Enderby Ranger D i s t r i c t  of 
t h e  Kamloops F o r e s t  D i s t r i c t .  S p e c i f i c a l l y ,  t h e  f o u r  a r e a s  were loca t ed  
on a moderately s loped ,  sou theas t  a s p e c t  t e rmina t ing  a t  a  benchl ike  topo- 
graphic  f e a t u r e  a t  about  3,000 f t .  The top a r e a  A was about  400 f t .  h ighe r  
than  a r e a  D which was a t  t h e  f o o t  of t h e  s lope .  

~ a k e r ~  descr ibed  t h e  s o i l s  a s  minimal podzols wi th  abundant s tone ;  
d ra inage ,  gene ra l l y  unimpeded. Average annual  p r e c i p i t a t i o n  exceeded 42 
inches ,  t h e  g r e a t e r  p ropor t  ion occur r ing  a s  snow. 

Th i s  a r e a  of B r i t i s h  Columbia, c l a s s i f i e d  by Rowe (1959) a s  C12, 
is a s e c t i o n  of t h e  Columbia Fo re s t  Region t h a t  occurs  above t h e  montaine 
M2, and below t h e  suba lp ine  SA2 s e c t i o n s .  Mature f o r e s t s  a r e  t y p i f i e d  by 
co-dominant decadent wes te rn  hemlock (Tsuga heterophyZZa) and wes te rn  red 
cedar  (Thuja p Zica ta )  i n  vary ing  propor t ions .  Other important  commercial 
s p e c i e s  a r e  t h e  dominant western whi te  p ine  (Pinus monticolu) and Douglas- 
f i r  (Pseudotsuga m e n z i e s i i ) ,  v e t e r a n s  of a  p a s t  d i s tu rbance .  

Gross volumes of t h e  fou r  important s p e c i e s  occur r ing  on each 
s tudy  a r e a  a r e  shown i n  Table 1. S imi l a r  volumes a r e  considered average 
f o r  t h e  I n t e r i o r  Wet B e l t .  V a r i a t i o n s  i n  t h e  volume of cedar  a r e  e s p e c i a l l y  
ev iden t  and gene ra l l y  i n d i c a t i v e  of t h e  wetter sites i n  t h e  I n t e r i o r  Wet 
B e l t .  

DATA PROCUREMENT AND TECHNIQUES 

Burn Schedule 

To demonstrate  d i f f e r e n c e s  i n  f i r e  impact due t o  weather  and 
s l a s h  age ,  d a t a  from t h r e e  p re sc r ibed  burns on a  sou theas t  a s p e c t  were ex- 
amined. Areas A ,  B ,  C and D (Figure 1 )  were burned under t h e  cond i t i ons  

2 ~ a k e r ,  D r .  Joseph,  R e s e a ~ c h  S c i e n t i s t ,  Fo re s t  Research Laboratory,  Canada 
Department of Fo re s t ry  and Rura l  Development, V i c t o r i a ,  B. C . r 



TABLE 1. CHARACTERISTICS OF TREATED AREAS. 

and on t h e  d a t e s  d e t a i l e d  i n  Tab le  2.  The r e s u l t s  from a r e a s  A ,  B and C 
o f f e r  a comparison of t h e  e f f e c t  of a l i m i t e d  range of wea ther  regimes on 
f i r e  impact i n  1-year-old l o g g i n g  s l a s h .  Area C c o n t a i n i n g  s l a s h  approx- 
imate ly  1 y e a r  o l d  and t h e  a d j a c e n t  a r e a  D c o n t a i n i n g  s l a s h  2  y e a r s  o l d  
were bo th  burned on September 1 4 ,  1964. The r e s u l t s  from t h e s e  a r e a s  pro- 
v ided  d a t a  t o  compare t h e  e f f e c t  of s l a s h  age  on f i r e  impact.  

Weather 

Area 

A 

B 

C 

D 

Continuous wea ther  d a t a  i n c l u d i n g  r e l a t i v e  humid i ty ,  t empera tu re ,  
wind speed and d i r e c t i o n ,  and n e t  r a d i a t i o n  were recorded  th roughout  t h e  
summer a t  a wea ther  s t a t i o n  l o c a t e d  i n  t h e  a r e a  (F igure  1 ) .  Mois tu re  
c o n t e n t  of Douglas - f i r  fue l -mois tu re  i n d i c a t o r  s t i c k s  were measured a t  t h e  
s t a t i o n  and a t  s e v e r a l  l o c a t i o n s  i n  t h e  su r rounding  s t a n d s  a t  i n t e r v a l s  
d u r i n g  t h e  d a y l i g h t  hours .  Dry and wet bu lb  t empera tu res  were measured 
d a i l y  a t  0800 and 1600 h r s .  PST and p r i o r  t o  each f i r e .  

Avg . 
g r a d i e n t  

(2  1 

3 4  

22 

2  7 

14 

Age of 
s l a s h  

(months) 

1 0  months 

10 months 

10 months 

24 months 

I n i t i a l  and R e s i d u a l  F i r e  Environment 

I n i t i a l  (be£ o r e  burn ing)  and r e s  i d u a l  ( a£  t e r  burn ing)  f u e l  com- 
p l e x e s  were a s s e s s e d  on a  l i n e  t r a n s e c t ,  s t a r t i n g  a t  a n  a r b i t r a r i l y  s e l e c t e d  
p o i n t  and d e s c r i b i n g  a n  octagon w i t h  s i d e s  30 f t .  long.  An o r g a n i c  l a y e r  
r e f e r e n c e  p i n ,  a f i r e  impact i n t e g r a t o r  and a  w i r e  frame d e f i n i n g  t h e  
boundar ies  of a 1 - f t . 2  v e r t i c a l  f i n e  f u e l  p l o t  were l o c a t e d  a t  t h e  c o r n e r s  
of each oc tagon .  A sampling i n t e n s i t y  of t h r e e  o c t a g o n a l  p l o t s  f o r  approx- 
imate ly  e v e r y  2  a c r e s  of burn was main ta ined  i n  t h e  s tudy .  There  were 9, 
11, 1 3  and 2 1  o c t a g o n a l  p l o t s  on areas A ,  B ,  C and D ,  r e s p e c t i v e l y  (F igure  1). 

Avg. depth  
of f u l l  

o r g a n i c  l a y e r  
( i n c h e s )  

4.2 

4.2 

5.5 

6 . 0  

Organic Layer 

The upper  end of an  o r g a n i c  l a y e r  r e f e r e n c e  p i n  (9  i n c h e s  of /I8 
s t e e l  w i r e )  d e f i n e d  t h e  t o p  of t h e  i n i t i a l  o r g a n i c  l a y e r .  The d e p l e t i o n  of 
t h e  o r g a n i c  l a y e r  as a  r e s u l t  of burn ing  was determined by measuring from t h e  

Gross  volume 
( c c f . / a c r e )  

Hemlock 

55.8  

56.7 

53.0 

53.2 

Cedar 

14.4 

7.0 

23.7 

45.0 

Douglas- 
f i r  

1.8 

4.7 

5 . 8  

6.4 

Total  

72.0 

68.4 

82.6 

104.6 
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top  of t h e  p i n  t o  t h e  r e s i d u a l  o rganic  l aye r .  The t o t a l  depth of o rganic  l a y e r  
was determined during t h e  r e s i d u a l  assessment by d igging  a longs ide  t h e  re f  - 
erence  p i n  and measuring t h e  d i s t a n c e  from t h e  top  of t h e  p i n  t o  minera l  s o i l .  

Fine Fue ls  ( . l o  t o  1 .0  inches)  

A f i n e  f u e l  r e f e r ence  frame def ined  t h e  boundaries of an a r b i t -  
r a r i l y  s e l e c t e d  1 - f t . 2  p r o f i l e  of t h e  lower p o r t i o n  of a  v e r t i c a l  p lane  
through t h e  f u e l  complex. A l l  f u e l  components p e n e t r a t i n g  t h e  def ined  
boundaries w e r e  t a l l i e d  i n  two diameter  c l a s s e s ,  0.10 t o  0.50 inches  and 
0.51 t o  1.0 inches ,  measured a t  t h e  p o i n t  of p lane  pene t r a t i on .  The d i f -  
f e r ence  between t h e  i n i t i a l  and r e s i d u a l  number of f u e l  components was used 
t o  compute f u e l  dep l e t i on  i n  each s i z e  c l a s s .  On t h e  i n i t i a l  assessment ,  
t he  p ropor t i ons  of f o l i a g e  remaining on t h e  s l a s h  and dens i ty  of minor 
v e g e t a t i o n  a t  each c o m e r  of t h e  octagons were es t imated .  

F i r e  Impact 

A f i r e  impact i n t e g r a t o r ,  s i m i l a r  t o  t hose  descr ibed  by Beaufa i t  
(1966), was l oca t ed  a t  each c o m e r  of t h e  octagon. The i n t e g r a t o r s  w e r e  
s ea l ed  No. 23 cans  measuring 4.6 inches h igh  by 3.9 inches i n  diameter  and 
con ta in ing  500 cc .  of water .  I n  conjunc t ion  wi th  t h e  i n i t i a l  assessment ,  
each i n t e g r a t o r  was placed i n  an up r igh t  p o s i t i o n  on t h e  undis turbed organic  
l a y e r ,  and wired t o  an  aluminum s t a k e ,  a  ho l e  punched i n  t h e  top  of each can. 
Two l a y e r s  of "Saran Wrap" were secured by a  rubber  band t o  prevent  l o s s  of 
wa te r  i n  t h e  i n t e r v a l  between placement and t h e  onset  of t h e  f i r e .  During 
t h e  r e s i d u a l  assessment t h e  volume of water  remaining i n  t h e  in t , egra tor  was 
measured. The d i f f e r e n c e  between t h e  i n i t i a l  (500 cc . )  and r e s i d u a l  amount 
of water  was assumed t o  be an  i n t e g r a t e d  measure of t h e  t o t a l  r a d i a n t ,  con- 
v e c t i v e  and conduct ive h e a t  energy sus t a ined  by t h e  immediate l o c a l i t y  
dur ing  t h e  l i f e  of t h e  f i r e .  

Large Fue l s  ( g r e a t e r  t han  1.1 inches)  

Fue ls  g r e a t e r  than 1.1 inches i n  diameter  were sampled on a  240- 
f o o t  t r a n s e c t  c i rcumscr ib ing  t h e  per imeter  of t h e  oc tagonal  p l o t .  P l o t s  
were de l imi t ed  by a  su rveyor ' s  t a p e ,  a t  t h e  upper l i m i t  of a  v e r t i c a l  c r o s s  
s e c t i o n  of t h e  f u e l  complex. The p o s i t i o n  of t h e  t ape ,  ove r ly ing  a l l  f u e l s  
g r e a t e r  t han  1.1 inches  i n  d iameter ,  a l s o  def ined  t h e  depth of t h e  f u e l  
complex which was measured a t  t h e  midpoint each s ide .  The diameter  of a l l  
f u e l s  l a r g e r  t han  1.1 inches p e n e t r a t i n g  t h e  def ined  v e r t i c a l  p l ane  w e r e  
t a l l i e d  by s p e c i e s  and 2-inch d iameter  c l a s s e s  measured a t  t h e  p o i n t  of 
p l ane  i n t e r s e c t i o n .  During t h e  r e s i d u a l  t a l l y  of t h e  l a r g e  f u e l s  t h e  in- 
t e r s e c t  d i s t a n c e  on which complete exposure of minera l  s o i l  r e s u l t e d  w a s  
measured and recorded. 



DATA ANALYSIS 

Four measurements requi red  t o  f u l l y  desc r ibe  t h e  phys i ca l  charac- 
t e r i s t i c s  of a  f u e l  complex a r e :  

3 
a )  V1 Volume of t h e  f u e l  complex ( f t .  ) 

b) V 2  Volume of f u e l  components c o n s t i t u t i n g  t h e  
3 f u e l  complex ( f t .  ) 

c )  S Surface a rea  of f u e l  components w i th in  t h e  
2 

f u e l  complex ( f t .  ) 

3 d )  D Density of f u e l  spec i e s  ( l b .  / f t .  ) 

The l i n e  i n t e r s e c t  method d iscussed  by Van Wagner (1965) is w e l l  
adapted t o  provide t h e  f i r s t  t h r e e ,  while  s tandard  r e fe rences  (Anon.; 1951) 
provide t h e  f o u r t h .  

When t h e  i n t e r s e c t  method of f u e l  assessment is  used, t h e  volume 
of t h e  f u e l  complex V1 is t h e  product of t r a n s e c t  length L, in f e e t ,  and 
t h e  depth of f u e l  h ,  a l s o  i n  f e e t .  For c a l c u l a t i o n  purposes t h e  th ickness  
of t h e  t r a n s e c t  is un i ty .  When L is t h e  length  of t r a n s e c t  i n  f e e t  and d 
i s  t h e  diameter  i n  inches a t  t h e  po in t  of i n t e r s e c t i o n ,  f u e l  volume V 2  is 
obtained by: 

2  
v = 

3 2 ............................ 
2 *00857ed = f t .  / f t .  (1) 

L 

2 
The s u r f a c e  a r e a  of f u e l  p e r  f t .  of f u e l  complex, S, when L and 

d a r e  t h e  same a s  above is determined by: 

s = 0*41126d = f t .  of f u e l  s u r f a c e l f t .  of 
L ........... f u e l  complex.. (2) 

FUEL CHARACTERISTICS 

The measurements discussed i n  t h e  preceding s e c t i o n  a r e  used t o  
determine t h e  c h a r a c t e r i s t i c s  of loading,  f i n e n e s s ,  po ros i ty  and compactness 
of t h e  f u e l  complex. 

Fue l  Loading 

Fue l  loading is an important parameter of t h e  f u e l  complex. Ander- 
son e t  aZ. (1966) and Fahnestock (1960) r e p o r t  a  d i r e c t  r e l a t i o n s h i p  between 
r a t e  of spread and f u e l  loading. From formula (1) f u e l  loading,  W ,  i n  1 b . 1 f t . ~  



of a number of f u e l  components of dens i ty  D and diameter  d inches i n t e r -  
s e c t i n g  a t r a n s e c t  L f t .  long is determined by: 

When s p e c i e s  were d i f f e r e n t i a t e d  d e n s i t i e s  of 21  and 27 1 b . 1 f t . ~  
were used for ,cedar  and hemlock, r e spec t ive ly ;  when t h e r e  was no d i f f e r en -  
t i a t i o n  as t o  s p e c i e s  a d e n s i t y  of 24 l b . l f t . 3  was used. The weight of 
organic  m a t e r i a l  w a s  determined by measuring t h e  d e n s i t y  of s e v e r a l  samples 
of t h e  f u l l  organic  l aye r .  The average weight of t h e  f u l l  o rganic  l a y e r  
was 0.78 lb .  / f t .  p e r  inch of depth while  t h e  upper l a y e r s  weighed 0.6 
lb .  / f t  . p e r  inch of depth. The weight of t h e  i n i t i a l  o rganic  l a y e r  was 
determined us ing  a d e n s i t y  of 0.78 l b . ~ f t . ~ ,  whereas 0.6 1 b . 1 f t . ~  was 
app l i ed  t o  c a l c u l a t e  t h e  d e p l e t i o n  of organic  ma te r i a l .  

Fo l i age  weights  were determined from crown-weight and fue l -  
p ropor t ion  t a b l e s  by Fahnestock (1960), us ing  stump c r u i s e  d a t a  and s tandard  
he ight  t a b l e s  f o r  t h e  s tudy  a rea .  The product  of t h e  mean es t imated  per- 
cen t  of f o l i a g e  remaining a t  each of t h e  e i g h t  co rne r s  and t h e  d a t a  from 
Fahnestock 's  t a b l e s  provided t h e  i n i t i a l  weight of f o l i a g e .  The weight of 
f o l i a g e  consumed was t h e  product of i n i t i a l  f o l i a g e  weight and t h e  percent  
dep le t ion  of f u e l  components i n  t h e  .ll t o  .50 inch diameter  c l a s s .  

F inene s s 

The s i z e  of i nd iv idua l  f u e l  components p l ays  a n  extremely important 
r o l e  i n  t h e  combustion process ,  no t  only inf luenc ing  t h e  spread and i n t e n s i t y  
of an e s t a b l i s h e d  f i r e ,  but a l s o  t h e  rate of drying and t h e  e a s e  of i g n i t i o n .  
Sigma (o) o r  f u e l  f i n e n e s s  is def ined  as t h e  r a t i o  of t h e  su r f  ace  a r e a  of a 
f u e l  component t o  t h e  volume occupied by t h a t  component. For f u e l  components 
of equa l  l eng th ,  sigma v a r i e s  p ropor t iona te ly  and inve r se ly  with t h e  diameter  
of t h e  components. For a f u e l  component having a volume V2 and a su r f ace  
a r e a  S ,  

S 2 3 a = - =  ..................................... f t .  / f t .  (4) 
v2 

For f u e l  components l a r g e r  than 1.1 inches,  t h e  su r f ace  a r e a  S and 
volume V 2  of t h e  f u e l  components p e r  f t . 2  of f u e l  bed were determined from 
equat ions  1 and 2. For f u e l  components i n  t h e  0 .1  t o  0.5 and 0 .51  t o  1.0- 
inch c l a s s e s ,  su r f ace  a r e a s  of 8 .1  and 2.9 f t  .2/ lb .  , r e s p e c t i v e l y ,  were used 
(Muraro, 1964). Ca lcu la t ions ,  u t i l i z i n g  r e s u l t s  from Barker (1967), de t e r -  
mined t h a t  t h e r e  is approximately 78.3 f t m 2  of s u r f a c e  a r e a  p e r  pound of 
hemlock f o l i a g e .  To determine volumes of t h e  sma l l e r  f u e l  components, den- 
s i t i e s  of 34.3 and 29 l b . l f t . 3 ,  r e s p e c t i v e l y ,  f o r  f o l i a g e  and f u e l s  smal le r  
than 1.0-inch diameter  were app l i ed  (Fons, 1946). 



Poros i ty  

Rothermel and Anderson (1966) de f ine  po ros i ty  a s  t h e  void  volume 
of t h e  f u e l  complex d iv ided  by t h e  su r f ace  a r e a  of t h e  f u e l  components. 
This  parameter,  lambda (A), of t h e  f u e l  complex is r a r e l y  used; however, 
t h e  above-mentioned au tho r s  suggest  t h e  product  of lambda and sigma may be 
c l o s e l y  r e l a t e d  t o  burning c h a r a c t e r i s t i c s  of a  f u e l  complex. Curry and 
Fons (1939) showed r a t e  of spread t o  be p ropor t iona te  t o  t h e  square roo t  of 
lambda. 

Compactness 

Compactness is t h e  r e c i p r o c a l  of po ros i ty .  This  parameter ex- 
p re s ses  t h e  r e l a t i o n  between t h e  void  volume of a  f u e l  complex and t h e  
su r f ace  a r e a  of f u e l  components w i th in  t h e  f u e l  complex. For a  he te ro-  
geneous f u e l  complex t h e  compactness r a t i o  is determined by: 

2 3 
= f t .  / f t .  ......................... 5) 

where V is t h e  volume of t h e  f u e l  complex 
1 

V is t h e  volume occupied by f u e l s  of t h e  s p e c i f i e d  
2 

s i z e  c l a s s  

S is t h e  s u r f a c e  a r e a  of f u e l s  w i th in  t h e  s p e c i f i e d  
s i z e  c l a s s .  

F i r e  Danger Rat ing  

Table 2  shows t h e  F i r e  Danger Index and S la sh  Hazard Index f o r  
each a r e a  ad jus t ed  f o r  t ime of day. The Coast Fo res t  F i r e  Danger Tables  
(Mactavish, 1965) has  a s c a l e  from z e r o  t o  16 u n i t s .  The s l a s h  hazard 
t a b l e s  f o r  "brown s lash" ,  s l a s h  which s t i l l  r e t a ined  f o l i a g e ,  w a s  app l i ed  
t o  a l l  of t h e  a r e a s  except D where t h e  hazard index f o r  l e a f l e s s  s l a s h  was 
appl ied .  I n  Table 2,  except  f o r  t h e  change i n  dry ing  code, t h e  d i f f e r e n c e  
between t h e  Hazard Index on a r e a s  C and D a r e  e n t i r e l y  due t o  s l a s h  age. 

RESULTS AND DISCUSSION 

Fue l  S i ze  

The percent  of t o t a l  i n i t i a l  f u e l  weight by s p e c i e s  and s i z e  c l a s s  
and t h e  a c t u a l  f u e l  loading,  inc luding  t h e  organic  l a y e r ,  were p l o t t e d  on a  
logar i thmic  s c a l e  (Figure 2) .  The range of t o t a l  f u e l  loading on t h e  f o u r  



TABLE 2. FIRE DANGER AND SLASH HAZARD RATINGS ADJUSTED FOR PERIOD OF BURN. 

a r e a s  was sma l l  (222.7 t o  235.4 t o n s l a c r e ) .  About 40% of t o t a l  weight of 
f u e l  were components of g r e a t e r  than  11.1 inches diameter ;  t h e  organic  
l a y e r  accounted f o r  about 40%, while  t h e  remaining s l a s h  f u e l  components 
and n a t u r a l  l i t t e r  c o n s t i t u t e d  approximately 21% of t h e  t o t a l  f u e l  by 
weight .  The preponderance of l a r g e  f u e l  components was s t r o n g l y  i n d i c a t i v e  
of t h e  decadent ,  over-mature cond i t i on  of t h e  s tand .  On t h e  f o u r  a r e a s ,  
t h e  weight of t h e  f u l l  o rganic  l a y e r  averaged about 39% of t o t a l  f u e l  
load ing  (88 t o n s / a c r e ) .  The p ropor t i on  of t h i s  f u e l  component va r i ed  from 
about 30% of t o t a l  f u e l  weight on t h e  h i g h e s t  a r e a  A t o  about 41% on t h e  
lowest a r e a  D. 

Area 

A 

B 

C 

D 

The percent  of t o t a l  f u e l  weight w i t h i n  each s i z e  c l a s s ,  and t h e  
percent  of weight by s p e c i e s  i n  each s i z e  c l a s s  deple ted  by burning a s  w e l l  
a s  t h e  percent  l o s s  of water  from t h e  i n t e g r a t o r s ,  a r e  shown i n  F igure  3. 
F igure  3 ,  i n  conjunc t ion  wi th  F igure  2, a l lows de te rmina t ion  of t o t a l  f u e l  
dep l e t i on  and d e p l e t i o n  by s i z e  c l a s s  and s p e c i e s  on each a r ea .  The per- 
cen t  d e p l e t i o n  of a f u e l  component is  determined from Figure  3 ,  whi le  t h e  
p ropor t i on  of t h e  t o t a l  f u e l  complex occupied by t h a t  f u e l  component is 
der ived  from Figure  2. The product  of t h e  percentages from F igu re s  2 and 
3 and t h e  t o t a l  weight of f u e l  shown i n  F igure  2 approximate f u e l  consump- 
t i o n  i n  t o n s l a c r e .  

In F igure  3 ,  a migra t ion  of i n i t i a l  f u e l  d iameters  toward sma l l e r  
r e s i d u a l  d iameters  is  ev iden t .  Percent  d e p l e t i o n  i n  t h e  4-, 6- and 8-10- 
inch c l a s s e s  is  appa ren t ly  less than  i n  t h e  l a r g e r  s i z e  c l a s s e s .  This  is  
a r e s u l t  of p a r t i a l  consumption of l a r g e  f u e l  components, thereby reducing 
t h e i r  d iameter ;  subsequent ly ,  they a r e  ass igned t o  a sma l l e r  s i z e  c l a s s  i n  
t h e  r e s i d u a l  inventory  than  on t h e  i n i t i a l  inventory.  On a r e a  A ,  t h e  re- 
s i d u a l  assessment of t h e  4-inch c l a s s  y i e lded  a l a r g e r  q u a n t i t y  of ceda r  
than  t h e  i n i t i a l  assessment ,  a l though t o t a l  f u e l  dep l e t i on  d id  occur.  On 
a r e a  D ,  t h e  t o t a l  number of f u e l  components and t h e  number of hemlock com- 
ponents was g r e a t e r  on t h e  r e s i d u a l  assessment.  The migra t ion  of f u e l  
s i z e s  is  g r e a t e r  f o r  cedar  than  f o r  hemlock. I n  t h e  2-, 4- and 6-inch 
c l a s s e s ,  dep l e t i on  of cedar  i s  appa ren t ly  less than  hemlock; however, i n  
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F*re 2. Distribution of i n i t i a l  fuel weight on each area by size  class and 
species s h m  as a percentage of i n i t h l  fuel weight. 

LEGEND' 
1 CEDAR . . 

0 8 HEMLOCK 
W loo 
I- 
W 

80 
; W 

- n 
I- 69 
I 
!2 

;, 
J 
W 20 
3 
LL 
J 
5 ,  0 

t- FUEL LOSS - * -20 
LL 

0 .  
$ -40 

TYPE AND SIZE CLASS OF FUEL COMPONENTS 
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t h e  8-10 and 1 2 +  inch c l a s s e s ,  t h e  dep le t ion  of cedar  is g r e a t e r .  The 
l a r g e r  quan t i t y  of r e s i d u a l  cedar  f u e l  components i n  t h e  smal le r  s i z e  

' c l a s s e s  i n d i c a t e  an  apparent ly  low r a t e  of dep le t ion ;  a c t u a l l y  t h i s  is 
t h e  r e s u l t  of l a r g e r  diameter  cedar.components burning i n  such a  manner 
t h a t  one o r  more smal le r  components remain. The h ighe r  dep le t ion  r a t e  of 
t h e  l a r g e r  s i z e d  cedar  components s u b s t a n t i a t e  t h i s  anamaly. Due t o  t h i s  
migra t ion ,  t h e  a c t u a l  amount of f u e l  consumed - in  each s i z e  c l a s s  i s  usua l ly  
g r e a t e r  than  ind ica t ed  by t h e  d i f f e r e n c e s  between i n i t i a l  and r e s i d u a l  f u e l  
assessments.  Underestimates of f u e l  dep le t ion  due t o  component migra t ion  
a r e  g r e a t e s t  i n  t h e  2- and 4-inch c l a s s e s  and a r e  i nve r se ly  r e l a t e d  t o  t h e  
s i z e  c l a s s .  Only t h e  l a r g e s t  s i z e  c l a s s  and t o t a l  f u e l  dep le t ion  a r e  un- 
a f f e c t e d  by component migrat ion.  

F i r e  Impact I n t e g r a t o r s  

F igure  3 a l s o  shows t h e  g ros s  r e l a t i o n  between dep le t ion  of t h e  
organic  ma t t e r  and o t h e r  f u e l s ,  and t h e  amount of water  l o s t  from t h e  
i n t e g r a t o r s .  The mean va lues  of water  l o s s  a r e  d i r e c t l y  r e l a t e d  t o  de-. 
p l e t i o n  of some f u e l  components, namely t h e  0 .1  t o  0.5 and 0.51 t o  1.0- 
inch c l a s s e s  and t h e  organic  l a y e r ;  bu t  t h e  mean dep le t ion  of f u e l s  by t h e  
remaining s i z e  c l a s s e s  and t h e  mean dep le t ion  of t o t a l  f u e l  a r e  only loose ly  
r e l a t e d  t o  water  l o s s  from t h e  i n t e g r a t o r s .  That water  l o s s  is not  b e t t e r  
c o r r e l a t e d  wi th  f u e l  consumption is not  s u r p r i s i n g ,  s i n c e  i n  a l l  c a ses  t h e  
a v a i l a b l e  f u e l  is many t imes t h e  amount requi red  t o  evapora te  500 cc.  of 
water .  Rough c a l c u l a t i o n s  show t h a t  only about 0.146 lb .  of wood having a  
hea t  of combustion of 8600 ~ t u . / l b .  would be requi red  t o  evapora te  500 cc.  
of water  i f  e f f i c i e n c y  was 100%. The u t i l i z a t i o n  of hea t  energy t o  d i s -  
s i p a t e  water  from t h e  i n t e g r a t o r s  w a s  c a l c u l a t e d  f o r  a r e a s  A ,  B, C and D ,  
where t h e  water  l o s s  was 3.9,  3.0,  2.3 and .9  cc . -per  t on  of f u e l  consumed 
and t h e  a c t u a l  s l a s h  f u e l  consumption was 89, 71, 74 and 63 t o n s l a c r e ,  
r e spec t ive ly  (4.1, 3.3, 3.4 and 2.9 1 b . 1 f t . ~ ) .  The respect i i re  e f f i c i e n c i e s  
were 2.5, 1.9, 1 .5 and .6% f o r  t h e  f o u r  a r e a s  cons ider ing  f u e l  u t i l i z a t i o n  
from 1 f t  .2 ,  whereas i n  r e a l i t y  r a d i a t i o n a l  and convect iona l  hea t ing  from 
a l a r g e r  a r e a  would c o n t r i b u t e  t o  water  l o s s ,  thereby  f u r t h e r  reducing 
these  e f f i c i e n c i e s .  It was pos tu l a t ed  t h a t  t h e  d i f f e r e n c e s  i n  e f f i c i e n c i e s  
could be explained by t h e  v a r i a t i o n  of moisture con ten t s  of t h e  va r ious  
s i zed  f u e l  components a t  t h e  t ime of burn. Es t imates  of water  conten t  by 
s i z e  c l a s s  of deple ted  f u e l  from each burn were added t o  t h e  water  l o s s  
from t h e  ca lo r ime te r  and a  second s e t  of e f f i c i e n c i e s  ca l cu la t ed .  These 
were e s s e n t i a l l y  unchanged r e l a t i v e  t o  each o t h e r  a l though t h e  e f f i c i e n c i e s  
of a l l  burns were increased.  

A s  a  g ros s  assessment of f i r e  impact, t h e  i n t e g r a t o r s  appear  t o  
be of some va lue  i n  e s t ima t ing  organic  l a y e r  dep le t ion ,  but t h e  organic  
l a y e r  re ference  p i n s  a r e  l e s s  complicated and more meaningful u n l e s s  t h e  
p o s s i b i l i t y  of complete removal of t h e  organic  l a y e r  e x i s t s  (Figure 4) .  The 
use of ca lo r ime te r s  should be inves t iga t ed ,  wi th  emph&sis on t h e i r  para- 
met r ic  i n t e r p r e t a t i o n .  No doubt a  time s c a l e  showing t h e  per iod  of b o i l i n g  
would be va luab le ;  however, t h e  l o c a t i o n  of t h e  ca lo r ime te r s  i n  r e l a t i o n  t o  
t h e  organic  l a y e r  and t o  s l a s h  f u e l s  g r e a t l y  i n f luences  t h e i r  k a l u e  a s  a  
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s tandard  r e f e r ence  device  when used i n  a  v a r i e t y  of f u e l  arrangements.  The 
r eg re s s ion  of i n t e g r a t o r  water  l o s s  and organic  l a y e r  d e p l e t i o n  a s  de t e r -  
mined by t h e  organic  l a y e r  dep l e t i on  p i n s  is shown i n  F igure  4. The 
r eg re s s ion  equa t ion  was c a l c u l a t e d  t o  be: log of o rganic  dep le t i on  ( inches)  
= -1.64 + .62 l og  of water  l o s s  (cc . )  wi th  a  c o r r e l a t i o n  c o e f f i c i e n t  of .82. 
I n  a  s tudy  conducted by Wade (1965), duff  reduc t ion  expla ined  49% of water  
l o s s  whereas a  s i x  v a r i a b l e  r e g r e s s i o n  expla ined  81% of t h e  v a r i a t i o n  i n  
water  l o s s .  

Rate of Spread 

I f  p o t e n t i a l  r a t e  of spread  can be r e l a t e d  t o  t h e  f u e l  complex, 
t h e  hazard abatement b e n e f i t  from any p re sc r ibed  burn can then  be a sce r -  
t a i n e d  from an  iventory  of i n i t i a l  and r e s i d u a l  f u e l  complexes. I f  an  
assessment of hazard is needed t o  dec ide  i f  hazard abatement is necessary ,  
only an i n i t i a l  inventory i s  r equ i r ed ,  however, i f  i t  is necessary  t o  de- 
termine t h e  e f f e c t  of t rea tment  then  an inventory of t h e  i n i t i a l  and 
r e s i d u a l  f u e l  complex is requi red .  C o r r e l a t i o n s  of f i r e  spread  wi th  f u e l  
c h a r a c t e r i s t i c s  of f i nenes s  and compactness (Fons, 1946),  a  dimensionless  
parameter (Rothermel and Anderson, 1966),  and f u e l  load ing  (Fahnes tock ,  
1960), and t h e i r  app l i ca t - i on  t o  s l a s h  f u e l  complexes common t o  t h e  cedar- 
hemlock type  a r e  d i scussed  i n  t h i s  s ec t i on .  These c h a r a c t e r i s t i c s  of t h e  
i n i t i a l  and r e s i d u a l  f u e l  complexes on each a r e a  a r e  shown i n  Table 3 .  





Fineness  r e f e r s  t o  t h e  s i z e  of a f u e l  component without  regard t o  
t h e  t o t a l  number of components. The f i n e n e s s  r a t i o  i n  Table 3 is t h e  
average f i n e n e s s  r a t i o  f o r  t h e  f u e l  complex determined by d iv id ing  t h e  
t o t a l  su r f ace  a r e a  of f u e l  components by t h e i r  t o t a l  volume. Fons (1946) 
showed r a t e  of f i r e  spread t o  be d i r e c t l y  r e l a t e d  t o  f i neness ;  however, 
t h e  l imi t ed  range of va lues  (36.85 t o  4.57 f t .  2 / f t  .3) encountered i n  t h i s  
s tudy f o r  t h e  e n t i r e  f u e l  complex a r e  d i f f i c u l t  t o  i n t e r p r e t  from Fons 
(1946), which ranges from 0 t o  120 inch2/inch3 (1440 f t .  2/f t .  3) .  Within 
t h i s  range,  rate of spread v a r i e s  from about 20 t o  180 f t .  / h r .  I f  t he  
average f i n e n e s s  is c a l c u l a t e d  f o r  f u e l s  up t o  7 inches  i n  diameter ,  t h e  
f i n e n e s s  r a t i o s  vary  from 139 t o  180 f t . Z / f t  .3  f o r  t h e  i n i t i a l  fue1.s t o  
from 5 .8  t o  12 f t . 2 l f t . 3  f o r  t h e  r e s i d u a l  f u e l s .  Fineness  va lues  of 250 
and 25 w e r e  determined, r e s p e c t i v e l y ,  f o r  i n i t i a l  and r e s i d u a l  f u e l s  when 
only m a t e r i a l  up t o  3 inches was considered.  From these  c a l c u l a t i o n s  t h e  
change i n  rate of spread due t o  burning, according t o  Fons (1946), would be 
i n  t h e  o rde r  of 50 f t .  /h r .  t o  25 f t .  /hr .  From f i e l d  observa t ions  t h i s  
reduct ion  i n  spread r a t e s  is much less than  t h a t  a t t a i n e d  i n  p r a c t i c e .  

. Anderson e t  aZ. (1966) p l o t t e d  t h e  logar i thm of compactness and 
r a t e  of spread  t o  ob ta in  an  inve r se  l i n e a r  r e l a t i o n .  For t h e  same range 
of compactness, r a t e  of spread v a r i e d  cons iderably  f o r  wood c r i b s ,  needles  
and s l a s h  f u e l  complexes. Fons (1946) showed r a t e  of spread a s  vary ing  i n  
an  asymptot ic  f a sh ion  and inve r se ly  wi th  compactness. Obviously f o r  any 
given f u e l  s i z e  t h e r e  e x i s t s  a compactness r a t i o  t h a t  is  optimum f o r  f i r e  
spread.  This  optimum compactness l i e s  between i n f i n i t y  which would be a 
s o l i d ,  and a va lue  ba re ly  l a r g e r  than  z e r o  f o r  a f u e l  complex conta in ing  
only t h e  necessary  f u e l  components t o  ob ta in  a mu l t ip l e  component, t h r e e  
dimensional  f u e l  complex. The compactness-spread r e l a t i o n  is b e s t  i l l u s -  
t r a t e d  by a gas-a i r  f u e l  complex which explodes a t  c e r t a i n  propor t ions  but  
w i l l  no t  i g n i t e  i f  t h e  p ropor t ion  of gas  is e i t h e r  t o o  low o r  t o o  high.  

The f u e l  concen t r a t ions  sampled i n  t h i s  s tudy  were considered 
extremely hazardous; i n i t i a l  compactness r a t i o s  v a r i e d  from 2.56 t o  3.23 
f t. 2/f t .3. Residual  v a l u e s  of compactness were even sma l l e r ,  vary ing  from 
0.24 on a r e a  A ,  t h e  b e s t  burn, t o  1.89 on a r e a  D ,  t h e  poores t  burn. Accord- 
ing  t o  t h e  l i t e r a t u r e ,  f i r e  spread should be more r ap id  i n  t h e  r e s i d u a l  
f u e l  complex than  i n  t h e  i n i t i a l  f u e l  complex of a l l  burns,  and g r e a t e r  i n  
t h e  r e s i d u a l  complex of t h e  more complete b u m  than i n  t h a t  of t h e  less 
complete burn. Obviously t h e  r e s i d u a l  v a l u e s  of compactness, and very 
l i k e l y  t h e  i n i t i a l  compactness va lues ,  are below t h e  optimum f o r  f i r e  
spread i n  t h e s e  f u e l s .  The decrease  i n  compactness of t h e  r e s i d u a l  f u e l  

1 S 
complex is  explained by examining t h e  equat ion  - = - I n  t h e  r e s i d u a l  

A V1-V2' 

f u e l  bed, V1 w a s  reduced by approximately one-third and V2 by approximately 
two-thirds.  The r e s u l t  of t h e s e  changes is a l a r g e r  d i v i s o r  i n  t h e  resi- 
d u a l  compactness equat ion  than  i n  t h e  i n i t i a l  compactness equat ion.  Because 
t h e  g r e a t e s t  p ropor t ion  of t h e  deple ted  volume V2 occurred i n  t h e  sma l l e r  
s i z e  c l a s s e s ;  t h a t  i s ,  those  c l a s s e s  wi th  a l a r g e  s u r f a c e  t o  volume r a t i o ,  
t h e  dividend S was reduced. The n e t  e f f e c t  of t h e s e  changes, reducing the  
dividend and inc reas ing  t h e  d i v i s o r  i n  t h e  r e s i d u a l  compactness c a l c u l a t i o n s ,  



can only have t h e  e f f e c t  of reducing compactness. Rates  of spread were 
a l s o  c a l c u l a t e d  according t o  equa t ions  32 and 39 from Fons (1946), which 
apply t h e  f a c t o r s  of loading,  compactness and f ineness .  The spread v a l u e s  
determined by these  equat ions  were comparable only amongst t h e  aba ted  o r  
unabated f u e l  complexes, but could not  be app l i ed  t o  compare an aba ted  f u e l  
complex wi th  an  unabated f u e l  complex without  t h e  use of a p r o p o r t i o n a l i t y  
cons tan t  t h a t  would have involved t e s t  f i r e s  i n  abated f u e l  complexes. 

Ca lcu la t ion  of compactness i n  o t h e r  n a t u r a l  f u e l  complexes, 
inc luding  dense s t ands  of g r a s s ,  su r f ace  f u e l s  under s t ands  of lodgepole 
p ine  (Pinus c o n t o r t a  Dougl. var .  ZatifoZiu Engelm. ) and lodgepole p ine  
a e r i a l  f u e l s ,  r e s u l t e d  i n  va lues  of t h e  same magnitude as t h e  cedar- 
hemlock logging s l a sh .  However, t h e s e  low compactness r a t i o s  seem t o  have 
been ignored by o t h e r  r e sea rche r s ;  a l though i n  n a t u r a l  f u e l  complexes, 
except ing  t h e  organic  l a y e r ,  they a r e  t h e  r u l e  r a t h e r  than  t h e  except ion.  

Rothermel and Anderson (1966) suggest  t h e  use  of a dimensionless  
parameter of t h e  f u e l  complex which is t h e  product of sigma ( f t .  2 / f t .  3)  and 
lambda (f  t . 3 / f t .  2). Thi s  dimensionless  parameter was c a l c u l a t e d  f o r  t h e  
i n i t i a l  and r e s i d u a l  f u e l  complex on each a r e a  and appears  i n  Table 3. The 
r e s i d u a l  dimens i o n l e s s  parameter is l a r g e r  than  t h e  i n i t i a l  parameter ,  in-  
d i c a t i n g  more r ap id  r a t e s  of spread i n  t h e  r e s i d u a l  f u e l  complex than  i n  
t h e  i n i t i a l  f u e l  complex. This  parameter i s  obviously unsu i t ab l e  f o r  d i f -  
f e r e n t i a t i n g  between r a t e s  of f i r e  spread i n  t h e  t r e a t e d  and un t r ea t ed  
s l a s h  f u e l  complexes encountered i n  t h i s  s tudy.  

Fue 1 Loading 

The s imp les t  parameter ,  f u e l  loading,  is r e l a t e d  t o  f i r e  spread 
i n  f u e l  complexes having a s i m i l a r  range of s i z e  c l a s s e s ,  but equa l  loadings  
of d i f f e r i n g  s i z e  c l a s s  d i s t r i b u t i o n s  w i l l  no t  n e c e s s a r i l y  r e s u l t  i n  t h e  
same r a t e  of spread.  The s i z e  c l a s s  d i s t r i b u t i o n  of f u e l  components i n  a 
r e s i d u a l  f u e l  complex may be q u i t e  d i f f e r e n t  from t h e  d i s t r i b u t i o n  i n  t h e  
i n i t i a l  f u e l  complex depending on t h e  e f f e c t i v e n e s s  of t h e  t rea tment ,  bu t ,  
i n  any case ,  t h e  d i s t r i b u t i o n  of t h e  smaller f u e l  components is most 
a f f e c t e d .  It is a l s o  t h e  smaller, l e s s  than 1.0-inch diameter  f u e l  com- 
ponents ,  which most i n f luence  r a t e  of spread and c o n t r i b u t e  l e a s t  t o  t o t a l  
loading of s l a s h  f u e l  complexes (an average of about 10% i n  t h e  f u e l s  on 
these  a r e a s ) .  For t h i s  reason a comparison of f i r e  spread i n  i n i t i a l  and 
r e s i d u a l  f u e l  complexes v i a  t h e  c h a r a c t e r i s t i c  of fue l ,  loading tends  t o  
underest imate t h e  e f f e c t  of t reatment .  The v a l i d i t y  of us ing  t h i s  charac- 
t e r i s t i c  t o  compare p o t e n t i a l  r a t e s  of spread i n  s l a s h  f u e l  complexes- of 
d i f f e r e n t  ages is a l s o  doub t fu l  f o r  t h e  same reason. Fahnestock (1960) 
showed t h e  rate of spread i n  logging s l a s h  which r e t a ined  f o l i a g e  t o  be 
s i g n i f i c a n t l y  g r e a t e r  than  s i m i l a r  loadings  of s l a s h  of t h e  same s p e c i e s  
t h a t  had dropped f o l i a g e .  I n s o f a r  a s  f i r e  spread is concerned, loading is 
a v a l i d  parameter only i f  t h e  d i s t r i b u t i o n  of s i z e  c l a s s e s  a r e  s i m i l a r .  

Because Fahnestock's (1960) spread d a t a  a r e  f o r  f i r e s  backing from 
t h e  c e n t r a l  i g n i t e d  f u e l  complexes, r a t e  of spread is independent of wind 



and t h e r e f o r e  is a good b a s i s  f o r  comparing f u e l  dependent f i r e  cha rac te r i s -  
t i c s .  The f u e l  complexes t e s t e d  by Fahnestock (1960) had a maximum loading 
of 32.5 t o n s l a c r e ,  t he  major i ty  of components being l e s s  than 2 inches 
diameter.  The f u e l  complexes i n  t h i s  study had a t o t a l  loading of s l a s h  
f u e l  components of from 161.5 t o  133.5 tons l ac re ,  but only a small propor- 
t i o n  (20%) w a s  l e s s  than  7 inches diameter.  I n i t i a l  and r e s i d u a l  cumulative 
f u e l  loadings f o r  f u e l  components l e s s  than  7 inches diameter  (6-inch 
diameter  c l a s s )  and f o r  t h e  t o t a l  s l a s h  f u e l  complex a r e  shown i n  Table 4. 
I n i t i a l  and r e s i d u a l  r a t e s  of spread were determined on t h e  b a s i s  of load- 
ings  from Fahnestock's (1960, p. 44) curves f o r  f r e s h  cedar  and hemloclc 
s l a s h  and a r e  a l s o  shown i n  Table 4. (Fahnestock's tests were conducted 
under the  fol lowing condi t ions :  no r a i n  preceding 2 days, l e s s  than .02 
inches i n  preceding 5 days, minimum i n d i c a t o r  s t i c k  reading of 8.0% min- 
imum R.H. 40%, mean wind l e s s  than 2 mph. and minimum mid-afternoon 
temperature 70°F). The reduct ion  i n  spread r a t e s  due t o  burning a r e  prob- 
ab ly  conserva t ive  because t h e  f u e l  loading wi th in  each s i z e  c l a s s  w i l l  
c o n s i s t  of a d i f f e r e n t  d i s t r i b u t i o n  of s i z e s  wi th in  t h e  c l a s s .  I n  t h e  
ini t ial  f u e l  complex, t h e  number of f u e l  components tends  t o  be skewed to- 
ward t h e  lower c l a s s  l i m i t  bu t  t h e  l a r g e r  components a t  t he  upper c l a s s  
l i m i t  con t r ibu te  t o  loading d i sp ropor t iona te ly  wi th  t h e  number of components. 
In  t h e  r e s i d u a l  f u e l  complex, t he  number of components tends  t o  be skewed 
t o  t h e  upper c l a s s  l i m i t  because of g r e a t e r  dep rec ia t ion  of t he  sma l l e r  
components. 

I n  F igure  5 ,  t h e  r e s i d u a l  f u e l  loading of s l a s h  f u e l  components 
up t o  7 inches diameter  and f o r  a l l  s l a s h  f u e l  components is shown a s  a 
percentage of t h e  i n i t i a l  f u e l  loading i n -  t h e  same ca tegor i e s .  The l e s s e r  
r e s i d u a l  percentage of t o t a l  f u e l  on a r e a  D is a spec ie s  e f f e c t  r e s u l t i n g  
f r o m t h e  predominance of decadent cedar  on t h i s  a r e a ;  i n  f a c t  t h e  shape of 
t h i s  e n t i r e  curve is a f fec t ed  by t h e  pronounced migrat ion of f u e l  diameters  
mentioned e a r l i e r .  The predominance of hemlock accounted f o r  t h e  l a r g e r  
than  expected t o t a l  r e s i d u a l  f u e l  on a r e a  B (Table 1 ) .  I f  only t h e  1- t o  
7-inch diameter  c l a s s e s  a r e  considered,  t h e  change i n  r e s i d u a l  f u e l  due t o  
increas ing  diameter  c l a s s  is about 20% f o r  a l l  burns except t h e  most i n t ense  
bum on a r e a  A ,  which is about 30%. However, t h e r e  is l i t t l e  change i n  t h e  
r e s i d u a l  percentage when f u e l s  up t o  7 inches a r e  compared wi th  f u e l s  up t o  
27 inches i n  diameter .  F igure  5 emphasizes t h e  d i f f e r e n c e  i n  r e s i d u a l  f u e l  
as a func t ion  of weather cond i t ions  a t  t h e  time of b u m  by comparing r e s i -  
d u a l  f u e l  on a r e a  A ,  B and C ,  and t h e  d i f f e rence  due t o  s l a s h  age by 
comparing a r e a  C and 'D. 

Figure 6 shows the  e f f e c t  of r e s i d u a l  f u e l  loadings on p o t e n t i a l  
f i r e  acreage one hour a f t e r  i g n i t i o n  i n  weather condi t ions  equiva lent  t o  
those  previous ly  described.  The va lues  i n  Figure 6 assume a backing f i r e  
on l e v e l  ground, and a r e  computed from t h e  l i n e a l  rate of spread shown i n  
Table 4. Heading f i r e s  would, of course,  r e f l e c t  a f a s t e r  r a t e  of spread ,  
dependent on wind v e l o c i t y  and t h e  frequency of unburned f u e l  concentra- 
t i o n s .  The weather condi t ions  i n  which these  spread r a t e s  apply occur 
f r equen t ly  in t h e  i n t e r i o r  wet b e l t .  I n  1964, which was a wet yea r ,  t h e  
weather l i m i t a t i o n s  under which Fahnestock's 1960 t e s t s  were conducted were 
s a t i s f i e d  on 16 days out of t he  79-day period extending from June 22 t o  
September 9. 
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Figure 5. Residual fuel loading cumulated by s i ze  c k s s  and shown as a per- 
cent of i n i t i a l  fue Z loading for the same diameter l imits .  
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figure 6. Fire s i ze  a f t e r  1 hour i n  
residua2 fue 2s of each area according 
t o  cumukted fuel loading by m i m u m  
diameter. 



From t h e  preceding d iscuss ion  t h e r e  is l i t t l e  doubt t h a t  f u e l  load- 
ing ,  although not  e n t i r e l y  s a t i s f a c t o r y ,  is t h e  most r e a l i s t i c  and p r a c t i c a l  
parameter of f i r e  c h a r a c t e r i s t i c s  i n  t h e  f u e l  complexes considered. U n t i l  
a b e t t e r  f u e l  parameter is developed, f u e l  loading q u a l i f i e d  by the  maximum 
s i z e  of f u e l  considered is probably the  most appropr i a t e  means of a s ses s ing  
hazard abatement. The ques t ions  a r e  what f u e l  diameter should be used a s  
a  c r i t e r i o n  f o r  f u e l  loading and what l e v e l  of abatement should be con- 
s idered  adequate.  I f  f u e l  loading i s  used a s  a  parameter of f i r e  charac ter -  
i s t i c ,  it must be q u a l i f i e d  by cumulated loading t o  a  c e r t a i n  diameter.  The 
d a t a  on f i r e  spread from Fahnestock (1960), appl ied  i n  t h i s  r e p o r t ,  
q u a l i f i e d  t h e  f u e l  loading by an  upper diameter  l i m i t  of 2  inches. From the  
cumulated f u e l  loading shown i n  Table 4, a  diameter  q u a l i f i c a t i o n  of 3 in-  
ches  more appropr i a t e ly  q u a l i f i e d  f u e l  loading of 20 t o  32 tons /acre  i n  
n o n - a r t i f i c i a l  s l a s h  f u e l  complexes. U s e  of a  3-inch diameter;  t h a t  is, t h e  
upper l i m i t  of t h e  2-inch diameter  c l a s s ,  is wi th in  the  range of f u e l  
loading t e s t e d  by Fahnestock and is recommended a s  t h e  qua l i fy ing  diameter  
l i m i t  f o r  f u e l  loading. I f  t h e  3-inch diameter  c l a s s  is used a s  the  max- 
imum f u e l  s i z e  (Figure 6 ) ,  t h e  v a r i a t i o n  of p o t e n t i a l  f i r e  s i z e  ranges from 
.25 t o  4 . 1  acres/hour on the  4 a reas .  Of t h i s  range, .25 t o  2.5 ac res lhour  
is  due t o  weather regimes p r i o r  t o  and a t  the  time of t h e  burn, while  the  
remaining v a r i a t i o n  from 2.6 t o  4 .1  acres/hour was due t o  t h e  d i f f e r e n c e  
between 1-year-old and 2-year-old s lash .  One hour a f t e r  i g n i t i o n  f i r e s  i n  the  
i n i t i a l  f u e l  complexes of a r e a s  A ,  B ,  C and D would have been 17, 22, 17 and 
12 a c r e s ,  r e spec t ive ly .  The d i f f e rences  between t h e  i n i t i a l  and r e s i d u a l  
spzead va lues  may be appl ied  t o  a s s e s s  t h e  d i r e c t  b e n e f i t  der ived  from t h e  
t reatment .  Noteworthy is t h e  f a c t  t h a t  a l though a rea  D represented t h e  
l e a s t  hazardous i n i t i a l  f u e l  complex, t h e  r e s i d u a l  f u e l  complex was t h e  
most hazardous. This  i l l u s t r a t e s  one gu ide l ine  f o r  maximization of b e n e f i t ,  
t h a t  of devoting a v a i l a b l e  resources t o  t reatment  of t h e  most r ecen t ly  
logged a r e a s .  -. 

fi 

Assessing Economics of Hazard Abatement 

The o b j e c t i v e s  of any remedial t reatment  must be t h e  c r i t e r i o n  of 
eva lua t ing  t h e  r e s u l t s  of t h e  t reatment .  I n  prescr ibed  burning, t h i s  r u l e  
a p p l i e s  and is one reason why s p e c i f i c  o b j e c t i v e s  of each prescr ibed  burn 
should be s t a t e d .  I f  t he  purpose of prescr ibed  burning is hazard abatement, 
then t h e  c r i t e r i o n  of assessment must be the  reduct ion  of hazard obtained,  
even though o t h e r  b e n e f i t s  may be inc iden ta l .  The adage, "The opera t ion  was 
a success ,  but  t he  p a t i e n t  d ied ,"  is e s p e c i a l l y  appropr i a t e  t o  hazard abate- 
ment t rea tments  . 

The ques t ion  r a i sed  e a r l i e r  i n  t h e  t e x t ,  what c o n s t i t u t e s  adequate 
hazard abatement, must be q u a l i f i e d  according t o  one of two phi losophies  
regarding hazard abatement: t h a t  of maximization of bene f i t / cos t  r a t i o ,  and 
t h a t  of reducing the  hazard t o  an ex ten t  dependent upon t h e  suppression 
c a p a b i l i t y  of t h e  agency. 

The f i r s t  philosophy r e q u i r e s  t h e  g r e a t e s t  hazard reduct ion  f o r  
t he  l e a s t  c o s t  and involves a minimum s tandard  geared t o  t h e  suppression 



c a p a b i l i t y  of t h e  agency;  i n  t h i s  ph i losophy  t h e s e  s t a n d a r d s  a r e  n o t  con- 
s i d e r e d  a s  a g o a l ,  bu t  are regarded as t h e  t o l e r a b l e  l i m i t .  The second 
i n v o l v e s  minimum t r e a t m e n t  c o s t  t o  accomplish  a r e s i d u a l  hazard  which i s  
commensurate w i t h  t h e  f i r e  c o n t r o l  c a p a b i l i t y  of t h e  r e s p o n s i b l e  agency. 
T h i s  i n v o l v e s  a range of s t a n d a r d s  between a g e n c i e s  of v a r y i n g  c o n t r o l  
c a p a b i l i t i e s  and i n d i v i d u a l  a r e a s  w i t h i n  each agency 's  j u r i s d i c t i o n  due t o  
a r e a  a c c e s s i b i l i t y  and t r a v e l  t ime.  I n  t h e  a u t h o r ' s  o p i n i o n ,  maximization 
of b e n e f i t s  is most v a l i d  from t h e  viewpoint  of long-range f i r e  c o n t r o l  
p lann ing .  T h i s  concep t  i s  a l s o  t h e  least compl ica ted  and b e s t  s u i t e d  t o  
i l l u s t r a t e  a t e c h n i q u e  of a p p l y i n g  f u e l  i n v e n t o r i e s  t o  de te rmine  a  b e n e f i t /  
c o s t  r a t i o  of t h e  t r e a t m e n t .  

The pr imary o b j e c t i v e  of a  hazard  abatement t r e a t m e n t  i s  t o  re- 
duce t h e  q u a n t i t y  of f u e l  r e a d i l y  a v a i l a b l e  f o r  combustion,  t o  a c h i e v e  a 
minimal b e n e f i t  of l i m i t i n g  a  p o t e n t i a l  f i r e  c o n t r o l  t a s k  t o  t h e  c a p a b i l i -  
t ies  of t h e  c o n t r o l l i n g  agency. The advantage of t r e a t i n g  a f u e l  complex 
is  t h e r e f o r e  a f u n c t i o n  of t h e  d i f f e r e n c e  i n  c o n t r o l  d i f f i c u l t y  i n  a n  un- 
t r e a t e d  f u e l  complex and i n  t h e  t r e a t e d  f u e l  complex. 

A formula  f o r  de te rmin ing  t h e  b e n e f i t l c o s t  r a t i o  of p r e s c r i b e d  
f i r e  f o r  hazard  abatement must i n c l u d e  a number of v a r i a b l e s  dependent on 
bo th  t h e  f i r e  environment and t h e  c o n t r o l  agency. The f a c t o r s  which a r e  
determined by t h e  f i r e  environment a r e  : 

a )  p o t e n t i a l  f i r e  s i z e  i n  i n i t i a l  f u e l  complex, 

b) p o t e n t i a l  f i r e  s i z e  i n  r e s i d u a l  f u e l  complex, 

c )  a n n u a l  expectancy of w i l d f i r e  i g n i t i o n  p e r  u n i t  area. 

d )  d i f f i c u l t y  of t r e a t m e n t .  

F a c t o r s  which a r e  dependent on t h e  c o n t r o l  agency a r e :  

a )  c o s t  of w i l d f i r e  s u p p r e s s i o n ,  d o l l a r s  p e r  a c r e ,  

b) m o b i l i z a t i o n  t ime  r e q u i r e d  t o  muster  a n  e f f e c t i v e  
c o n t r o l  e f f o r t  , 

c )  t r a v e l  t ime  t o  t h e  area concerned.  

Other  b e n e f i t s  o c c u r r i n g  f rom t h e  t r e a t m e n t  may be i n c l u d e d  i n  
e i t h e r  c a t e g o r y ,  dependent on t h e  s p e c i f i c  n a t u r e  of t h e  b e n e f i t s  and t h e  
p o l i c i e s  of t h e  a d m i n i s t r a t i v e  agency; however, i f  t h e  pr imary purpose  is  
hazard  abatement ,  t h e  assessment  shou ld  be  o r i e n t e d  toward t h i s  purpose ,  
The i n c l u s i o n  of o t h e r  b e n e f i t s  i s  j u s t i f i e d  on ly  i f  t h e  agency a c t u a l l y  
u t i l i z e s  t h e s e  b e n e f i t s .  The c o s t  of s i t e  d e t e r i o r a t i o n ,  i f  it r e s u l t s ,  
should  a l s o  be  c o n s i d e r e d  a c o s t  f a c t o r .  

F i r e  s i z e  i n  t h e  i n i t i a l  o r  r e s i d u a l  f u e l  complexes is  a f u n c t i o n  
of t h e  rate of s p r e a d  v a l u e s  from Table  4 ,  t h e  sum of t h e  u s u a l l y  f i x e d  
m o b i l i z a t i o n  t ime  r e q u i r e d  by t h e  c o n t r o l  agency and t h e  v a r i a b l e  t r a v e l  
t i m e  t o  t h e  area invo lved .  



TABLE 4. CUMULATED FUEL LOADING (TONSIACRE) BY SIZE CLASS AND PREDICTED LINEAL RATE OF SPREAD (CH. /HR. ) 
OF BACKING FIRES I N  FRESH CEDAR-HEMLOCK LOGGING SLASH -- FAHNESTOCK (1960). 

Area 

A~ 

A~ 

B~ 

B~ 

I 

C~ 

D~ 

D~ 

1 .0  

Loading 
( t ons /  
a c r e )  

14.1  

0 

14.5 

2.4 

11.9 

2.6 

10.6 

4.4 

Rate  of 
spread  
(ch*51 
h r .  ) 

5.8 

0 

6.0 

1 . 0  

4.8 

1.1 

4.3 

2.0 

Max. 

3.0 

Loading 
( t o n s /  
a c r e )  

21.8 

2.2 

24.9 

4.9 

23.6 

7.7 

1 9 . 1  

8.8 

Rate 
sp r ead  
(ch*51 
h r . )  

8.9 

. 9  

10.2 

2.0 

9.7 

3 .3  

7.9 

3.6 

f u e l  d i ame te r  ( i nches )  

5 .0  

Loading 
( t ons /  
acre) 

28.6 

5 .4  

31.7 

8.4 

28.6 

10.9 

23.3 

13.3 

Rate 
spread  

h r . )  
(ch*5/  

11.5 

2.2 

13.0 

3.5 

11.5  

4.5 

9.5 

5.5 

7.0 

Loading 
(tons/ 
a c r e )  

35.4 

11.5  

38.2 

13.2 

35.2 

15.6 

28.5 

17.5 

of 
spread  
( c h e 5 /  
h r . )  

14.3 

4.7 

15.5 

5.4 

14.2  

6.4 

11.4 

7.2 

27.0 

Loading 
(tons/ 
acre) 

150.7 

61.5 

161.5 

90.3 

138.3 

64.6 

133.5 

70.7 

Rate  of 
spread  
(ch. 51  
h r . )  

60 

25 

64 

37 

55 

26 

5 2 

2 8 



A = .314 (T RS) 2. ........................................ (6) 

where A is f i r e  s i z e  i n  a c r e s  

T is  mobi l iza t ion  and t r a v e l  time t o  e f f e c t i v e  a t t a c k  

RS is r a t e  of l i n e a l  f i r e  spread i n  cha ins lhour .  

The c o s t  of s u s t a i n i n g  a  w i l d f i r e  is 

where Cw is t o t a l  c o s t  p e r  a c r e  and CS and CD a r e  average suppression and 
damage c o s t s ,  r e spec t ive ly ,  i n  d o l l a r s  p e r  ac re .  

I n  a  p re sc r ibed  burn, which h a s  hazard abatement a s  t h e  primary 
ob jec t ive ,  it is  reasonable t o  eva lua t e  t h e  b e n e f i t  of t h e  t reatment  i n  
t e r m s  of t h e  d i f f e r e n c e  i n  damage and suppression c o s t s  of a f i r e  occurr ing  
i n  t r e a t e d  s l a s h  and i n  un t r ea t ed  s l a s h .  I f  t h e  occurrence of a  f i r e  is  
c e r t a i n ,  then  t h e  b e n e f i t  po r t i on  of t h e  b e n e f i t / c o s t  formula may be ex- 
pressed  a s :  

where A is t h e  a r e a  i n  a c r e s ,  I is t h e  s u b s c r i p t  denot ing i n i t i a l  o r  un- 
t r e a t e d  f u e l  and R is t h e  s u b s c r i p t  denot ing r e s i d u a l  o r  t r e a t e d  f u e l s .  

Applying t h e  r a t e  of spread va lues  f o r  f r e s h  s l a s h  i n  Table 4,  
(Fahnestock, 1960),  assuming u t i l i z a t i o n  of b e n e f i t  f o r  each season f o l -  
lowing t rea tment ,  t h e  b e n e f i t  p o r t i o n  of t h e  r a t i o  is: 

where T is  t o t a l  t r a v e l  time i n  hours ,  RSI and RSR a r e  i n i t i a l  and r e s i d u a l  
l i n e a l  r a t e s  of spread  i n  cha ins lhour  ad jus t ed  f o r  t h e  p a r t i c u l a r  yea r  of 
t rea tment  and CWI and CWR a r e  w i l d f i r e  c o s t  + damage i n  i n i t i a l  and r e s i d u a l  
f u e l s  , r e s p e c t i v e l y  . 

The c o s t  term of t h e  r a t i o  inc ludes  t h e  p e r  a c r e  c o s t  of prepa- 
r a t i o n  and burning Cp, and t h e  p e r  a c r e  c o s t  of damages CD, su s t a ined  
dur ing  t h e  course  of t rea tment .  Thus c o s t  pe r  a c r e  CT, which is considered 
only f o r  t h e  f i r s t  y e a r  because money apprec i a t ion  is n o t  included,  w i l l  be: 

whi le  t o t a l  c o s t  w i l l  be t h e  product of CT and AT when AT is t h e  acreage  
t r e a t e d .  Other b e n e f i t s  such a s  increased  p l a n t i n g  e f f i c i e n c y ,  which is 
u t i l i z e d  and which can be expressed a s  a d o l l a r  b e n e f i t ,  should be considered 
a s  a nega t ive  c o s t  and d e l e t e d  from t h e  sum of C and CD. This  p a r t i c u l a r  
b e n e f i t  i s  sub t r ac t ed  from t h e  c o s t  only i f  it ~$11 be u t i l i z e d  as a ma t t e r  
of p o l i c y  because, l i k e  t h e  c o s t  of t r ea tmen t ,  i t  is not  dependent on f i r e  
occurrence f o r  u t i l i z a t i o n  of bene f i t .  Assuming c e r t a i n  u t i l i z a t i o n  of 
b e n e f i t ,  t h a t  a  w i l d f i r e  w i l l  occur ,  and assuming t h a t  p l a n t i n g  b e n e f i t s  a r e  
no t  u t i l i z e d ,  t h e  b e n e f i t l c o s t  r a t i o  of a hazard abatement t reatment  f o r  
any s i n g l e  season fo l lowing  t rea tment  is: 
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where C is c o s t  of w i l d f i r e  s u p p r e s s i o n +  damage i n  i n i t i a l  
( un t r ea t ed )  f u e l ,  d o l l a r s / a c r e  

CWR i s  c o s t  of w i l d f i r e  suppress ion  + damage i n  r e s i d u a l  
( t r e a t e d )  f u e l ,  d o l l a r s / a c r e  

RS is  r a t e  of l i n e a l  f i r e  spread  i n  i n i t i a l  f u e l s ,  
I cha ins lhour  

RS is  r a t e  of l i n e a l  f i r e  spread i n  r e s i d u a l  f u e l s ,  
cha ins lhour  

T is e f f e c t i v e  a t t a c k  t i m e ,  hours  

AT i s  a r e a  t r e a t e d ,  a c r e s  

CT is c o s t  of t r e a t m e n t +  damage, d o l l a r s l a c r e .  

Appl ica t ion  of t h i s  benef i t l c o s t  formula t o  t h e  i n i t i a l  and re- 
s i d u a l  f u e l  complexes of t h e  fou r  a r e a s  s e r v e s  t o  i l l u s t r a t e  t h e  e f f e c t s  
of s l a s h  age and f u e l d e p h t i o n  on t h e  b e n e f i t / c o s t  r a t i o .  The b e n e f i t /  
c o s t  r a t i o s  i n  Table  5  a r e  computed on t h e  assumed t rea tment  acreage  of 
100 a c r e s ,  a  t rea tment  c o s t  of $6.00 p e r  a c r e ,  a  w i l d f i r e  c o s t  of $100.00 
p e r  a c r e  i n  both f u e l  complexes and assumed weather  cond i t i ons  s i m i l a r  t o  
t hose  o u t l i n e d  immediately p r i o r  t o  Table 4. Rates of spread were those  
given i n  Table  4  f o r  a  3-inch maximum f u e l  diameter .  Rates  of spread  i n  
t h e  initial f u e l  complex a r e  reduced t o  75, 60, 50 and 40% of t h e  spread  
r a t e  i n  f r e s h  s l a s h  f o r  1, 2, 3 and 4-year-old s l a s h ,  r e s p e c t i v e l y ,  there-  
a f t e r  remaining cons t an t .  (Fahnestock (1960) sugges ts  t h e  more d r a s t i c  
r educ t ion  of spread due t o  age of 25% p e r  y e a r  f o r  t h e  f i r s t  3 y e a r s ,  
thencef  o r t h  remaining e s s e n t i a l l y  unchanged. ) 

An e f f e c t i v e  a t t a c k  t i m e  of 2  hours  is assumed i n  a l l  c a se s .  
No advantage of o t h e r  b e n e f i t s  and no s i t e  d e t e r i o r a t i o n  i s  assumed. The 
cumulated b e n e f i t l c o s t  r a t i o  f o r  t h e  5-year pe r iod  is  shown i n  t h e  l a s t  
column of Table  5 ,  assuming t h a t  t h e  s l a s h  was t r e a t e d  t h e  same yea r  a s  
logged and t h a t  t h e  hazard of r e s i d u a l  f u e l  complexes i n c r e a s e s  a t  a  r a t e  
of 5% p e r  yea r  because of a  g r adua l  replacement of f l a s h  f u e l  r e s u l t i n g  
from ingrowth of herbaceous m a t e r i a l .  To c a l c u l a t e  t h e  6-year b e n e f i t l c o s t  
r a t i o ,  a  maximum spread r a t e  f o r  t h e  r e s i d u a l  f u e l  complex was considered 
no t  t o  exceed t h a t  y e a r ' s  spread  r a t e  f o r  t h e  i n i t i a l  f u e l  complex. Cost 
of t rea tment  is cons idered  only on t h e  yea r  of t rea tment  and is not  appre- 
c i a t e d  over  t h e  remaining 6 years .  The b e n e f i t l c o s t  r a t i o  over  t h e  6-year 
per iod  fo l lowing  t rea tment  is n o t  n e c e s s a r i l y  equa l  t o  t h e  sums of t h e  
i n d i v i d u a l  annual  r a t i o s  and is a  r a t h e r  meaningless f i g u r e  because t h e  
b e n e f i t  r a t i o  is h igh ly  dependent on t h e  yea r  t h a t  t h e  p o t e n t i a l  w i l d f i r e  
occurs.  The annual  b e n e f i t  r a t i o s  show t h a t  maximization of b e n e f i t s  is 
achieved by t rea tment  of f r e s h  s l a s h  and b e n e f i t s  diminish r ap id ly  wi th  
t i m e .  For t h e  e n t i r e  6-year pe r iod  t h e r e  i s  a  favourable  r a t i o  f o r  t h e  



TABLE 5. BENEFIT~COST RATIO OF HAZARD ABATEMENT AS INFLUENCED BY YEAR OF 
TREATMENT AFTER LOGGING AND RATE OF FUEL DEPLETION. 

hazard abatement t rea tment  r e s u l t i n g  from t h e  f u e l  dep le t ion  achieved on 
a r e a s  A and B ;  however, on a r e a s  C and D a favourable  r a t i o  l a s t s  f o r  only 
4 and 3 y e a r s ,  r e spec t ive ly .  

Area 

A 

B 

C 

D 

Actua l  c o s t  of t reatment  on t h e  fou r  a r e a s  was u n r e a l i s t i c  be- 
cause of t h e  r e sea rch  a c t i v i t y  a s soc i a t ed  wi th  t h e  t rea tment ;  however, if 
t h e  $6.00 p e r  a c r e  B.C. c o a s t a l  approximate c o s t  of t reatment  is accepted 
a s  a base,  r e l a t i v e  e s t ima te s  of t rea tment  c o s t s  may be deduced. On area A 
i g n i t i o n  w a s  easy  but  an escape i n t o  ad jacent  s l a s h  requi red  en l i s tment  of 
a suppression t e a m ,  which r a i s e d  t h e  r e l a t i v e  c o s t  t o  about $18.00 p e r  ac re .  
Area B w a s  burned under optimum burning cond i t i ons  when i g n i t i o n  was easy  
and a well-developed convect ion column reduced t h e  s p o t t i n g  p o t e n t i a l ,  
r e s u l t i n g  i n  t h e  s h o r t  du ra t ion ,  h igh  i n t e n s i t y  b u m  t y p i c a l  wi th  c e n t r a l l y  
induced c i r c u l a t i o n s .  Re la t ive  t o  c o a s t a l  c o s t s ,  an  es t imated  $4.00 p e r  
a c r e  would be expected on a r e a  B. On a r e a  C ,  a l though c o n t r o l  d i f f i c u l t i e s  
were not  encountered, i g n i t i o n  was r e l a t i v e l y  slow due t o  t h e  high d e n s i t y  
of s e t s  requi red  and t h e  low f lammabil i ty  of t h e  f u e l s .  Burning c o s t s  on 
t h i s  a r e a  would be about  $6.00 p e r  a c r e ,  equ iva l en t  t o  t h e  c o a s t a l  average.  
On a r e a  D ,  i g n i t i o n  was more d i f f i c u l t  t han  on a r e a  C. I n  a d d i t i o n ,  be- 
cause of t h e  s p o t t y  n a t u r e  of t h e  t rea tment ,  a r e l a t i v e l y  l a r g e  q u a n t i t y  of 
unburned f u e l  remained, r equ i r ing  e x t r a  p a t r o l  and r a i s i n g  t h e  c o s t  of 
t rea tment  t o  an es t imated  $12.00 p e r  ac re .  

I f  t h e s e  es t imated  c o s t s  a r e  s u b s t i t u t e d  f o r  s tandard  c o s t s  of 
t rea tment  assumed i n  Table 5 ,  q u i t e  d i f f e r e n t  b e n e f i t  r a t i o s  a r e  achieved 
which a r e  l a r g e l y  dependent on t h e  d i f f i c u l t y  of c o n t r o l  and i g n i t i o n  a t  
t h e  t i m e  of t rea tment .  

The c o s t  b e n e f i t s  i n  Table 6 are not  i n  s t r i c t  p ropor t ion  t o  t h e  
d i f f e r e n c e  i n  t rea tment  c o s t s  i n  Table 5 because apprec i a t ion  of t h e  res- 
i d u a l  f u e l  complex was commenced fol lowing t h e  a c t u a l  y e a r  of t reatment  
r a t h e r  than a f t e r  y e a r  0,  a s  i n  Table 5. The s l a s h  on a r e a s  A, B and C was 
1 y e a r  o ld  when t r e a t e d  whi le  t h a t  on a r e a  D was 2 yea r s  old.  The r e s u l t s  

Benef i t / c o s t  
f o r  

6-year per iod  
t r e a t e d  dur ing  

yea r  0 

4 0 

48 

3 3 

16 

Year of t rea tment  - s i n c e  logging 

0 

16.4 

20.9 

17.4 

10.3 

4 

2.5 

2.7 

.9  

0 

5 

2.5 

2.7 

.9 

0 

1 

9.1  

11.4 

8.8 

4.6 

2 

5.5 

7.0 

4.8 

2.0 

3 

3.8 

4.4 

2.7 

.5 



TABLE 6 .  BENEFIT/COST RATIO OF KAZARD ABATEMENT CONDUCTED ACCORDING TO THE 
NUMBER OF YEARS SINCE LOGGING USING A VARIABLE TREATMENT COST I N -  
FLUENCED BY THE SLASH HAZARD INDEX. 

achieved from the  t reatment  of a rea  D show t h a t  t he  break-even po in t  w a s  
achieved f o r  only t h e  f i r s t  season a f t e r  t rea tment ,  whereas the  more recent  
s l a s h  on a r e a  C ,  burned during t h e  same condi t ions ,  maintained a  b e n e f i t  
f o r  2 y e a r s  subsequent t o  t reatment .  

Area 

A 

B 

C 

D 

Although r a t h e r  nebulous, t h e  r a t i o s  i n  Table 6 f o r  t h e  yea r  
fol lowing treatment  may be r e l a t e d  t o  t h e  f i r e  danger r a t i n g  system so  t h a t  
t he  p o t e n t i a l  b e n e f i t / c o s t  r a t i o  as w e l l  a s  t he  phys ica l  c h a r a c t e r i s t i c s  
of t h e  t reatment  can be est imated i n  advance. The b e n e f i t / c o s t  r a t i o s  a r e  
shown a s  a  dependent of t h e  s l a s h  hazard index a t  t h e  time of t reatment  i n  
Figure 7. Noteworthy is  the  skewed pa rabo l i c  r e l a t i o n  of benef i t / c o s t  with 
hazard index. During per iods  of low index va lue ,  c o s t s  a r e  high due t o  the  
e x t r a  e f f o r t  requi red  t o  achieve i g n i t i o n  and b e n e f i t s  a r e  reduced because 
of reduced f u e l  consumption. During per iods  of high index, e s p e c i a l l y  i f  
t he re  is  wind, burning c o s t s  tend t o  be high because of e i t h e r  p o t e n t i a l  o r  
a c t u a l  c o n t r o l  d i f f i c u l t i e s  which o f f s e t  t he  e f f e c t  of t he  a d d i t i o n a l  ben- 
e f i t  of increased f u e l  deple t ion .  However, i f  c o n t r o l  can be maintained, 
t rea tments  a t  t h e  high index va lues  would r e s u l t  i n  t h e  most favourable 
b e n e f i t / c o s t  r a t i o ,  un le s s  e x t r a  prepara tory  c o s t s  a r e  sus ta ined  t o  avoid 
l a t e r  suppression c o s t s .  

The g r e a t e s t  benef i t / c o s t  r a t i o  is achieved wi th in  a  l imi t ed  
range of index va lues  when i g n i t i o n  and spread a r e  rap id  and c o n t r o l  d i f -  
f  i c u l t  i e s  are not  encountered. 

Treatment 
c o s t  

( d o l l a r s / a c r e )  

18.00 

4.00 

6.00 . 

12.00 

None of t h e  b e n e f i t / c o s t  r a t i o s  shown i n  Tables  5 and 6 and 
Figure  7 inc lude  a  f i r e  expectancy r a t e .  I n  f a c t ,  i f  t h e  assumed c o s t s  
and burned acreages  are i n  t h e  proper  pe r spec t ive ,  an extremely high f i r e  
expectancy must be a n t i c i p a t e d  t o  maintain even the  h ighes t  benef i t / c o s t  
r a t i o  a t  a va lue  g r e a t e r  than  one. Applicat ion of f i r e  expectancy r a t e s  t o  
any b e n e f i t l c o s t  a n a l y s i s  has  a  pronounced e f f e c t  on the  a n a l y s i s  and should 
be considered when i n i t i a t i n g  a  po l i cy  of prescr ibed  f i r e  f o r  t h e  s i n g l e  

Slash 
hazard 
index 

1 3  

11 

9 

6 

Year of treatment - s ince  logging 

0 

5.4 

31.4 

17.4 

5.2 

1 

3.0 

17.0 

8.8 

2 .3  

2 

1.8 

10.4 

4.5 

1 .0  

4 

. 8  

3.7 

.9 

- 

3 

1.3  

6 . 3  

2.2 

. 2  

5 

. 8  

3.5 

.9 

- 



Figure 7 .  
the slash 
f o I Zming 

Re Zatirm of benefit/cost t o  
hazard index for the year 
treatment. 

SLASH HAZARD INDEX 

(Coastal British Columbia) 

purpose of hazard abatement. Burning with a d d i t i o n a l  o b j e c t i v e s  o t h e r  than  
hazard abatement,  providing t h e s e  obj e c t  i v e s  a r e  s a t  i s £  i e d  and u t i l i z e d  , is  
one method of achiev ing  abatement a t  a favourable  benef i t l c o s t  r a t i o .  I n  
a r e a s  where o t h e r  b e n e f i t s  a r e  no t  ev ident  o r  w i l l  no t  be u t i l i z e d ,  hazard 
abatement should be s e l e c t i v e l y  app l i ed  t o  e s t a b l i s h  o r  maintain a f i r e  
break system of we l l - t r ea t ed  a r e a s  r a t h e r  than  a broadcast  a p p l i c a t i o n  of 
mediocre t rea tments .  

CONCLUSIONS 

The convent iona l  f u e l  complex parameters  of f i n e n e s s  and compact- 
n e s s  f o r  p r e d i c t i n g  r a t e  of f i r e  spread are no t  a p p l i c a b l e  t o  p r e d i c t i o n  of 
f i r e  spread i n  heterogenous f u e l  complexes t h a t  c o n s i s t  of d i f f e r e n t  d i s -  
t r i b u t i o n s  of s i z e  c l a s s e s  encountered i n  i n i t i a l  and r e s i d u a l  f u e l  com- 
p lexes .  F u e l  loading q u a l i f i e d  by t h e  maximum s i z e  of f u e l  component 
appears  t o  o f f e r  t h e  most v a l i d  means of d i f f e r e n t i a t i n g  hazard i n  f u e l  
complexes. 

Cedar and hemlock s l a s h  f u e l  components e x h i b i t  d i f f e r e n c e s  i n  
d e p l e t i o n  r a t e s  t h a t  have t h e  apparent  e f f e c t  of reducing f u e l  dep le t ion  i n  
t h e  sma l l e r  (4- and 6-inch) s i z e  c l a s s e s .  This  r e s u l t s  from l a r g e  cedar  
components being reduced t o  a number of smaller s i z e d  components. This  
migra t ion  of f u e l  components is  much more pronounced i n  cedar  than  hemlock 
and is a s s o c i a t e d  wi th  t h e  p ropor t iona l  t o  decadence. 

The f i r e  impact i n t e g r a t o r s  exposed i n  t h i s  s tudy a r e  of l i t t l e  
va lue  as a measure of f i r e  i n t e n s i t y  because water  l o s s  is a f f e c t e d  by a 
number of v a r i a b l e s  which are independent of f u e l  consumption, t h e  most im- 
p o r t a n t  being f u e l  arrangement. Incorpora t ion  of a t ime s c a l e  w i l l  undoubt- 
ed ly  inc rease  t h i s  va lue  as a n  i n t e n s i t y  i n t e g r a t o r ,  but  it is doub t fu l  
whether they  can be used a s  a co rpora t ive  measure of i n t e n s i t y  in  d i f f e r e n t  
f u e l  types .  



P o t e n t i a l  r a t e  of w i l d f i r e  spread i n  1-year-old Cat-logged in- 
t e r i o r  cedar-hemlock s l a s h  can be economically reduced by prescr ibed  burns 
conducted dur ing  pe r iods  when t h e  Federa l  s l a s h  hazard index is between 9 
and 12. Fuel  reduct ions  r e s u l t i n g  from treatment  a t  indexes l e s s  than 9 
r e s u l t  i n  only s l i g h t  hazard decreases,  while  index va lues  h igher  than 12 
involve a high probab2l i ty  of escape i f  winds g r e a t e r  than 3 o r  4 mph. a r e  
experienced dur ing  t rea tment .  

The assumed v a l u e s  used i n  t h i s  benef i t l c o s t  a n a l y s i s  i n d i c a t e  
t h a t  f i r e  expectancy should be s t rongly  considered be£ o r e  i n i t i a t i n g  a 
prescr ibed  burning po l i cy  which cons iders  hazard abatement a s  i t s  primary 
objec t ive .  

There is a need t o  develop a f u e l  complex parameter s i m i l a r  t o  
those  d iscussed ,  which is rep resen ta t ive  of n a t u r a l  f u e l  complexes and can 
be appl ied  t o  p r e d i c t  f i r e  c h a r a c t e r i s t i c s  a s  a f u e l  v a r i a b l e .  

R e a l i s t i c  a p p l i c a t i o n  of economic p r i n c i p l e s  t o  prescr ibed  f i r e  
a c t i v i t i e s  r e q u i r e s  a g r e a t e r  knowledge of t h e  shor t -  and long-term e f f e c t s  
of f i r e  on a l l  p a r t s  of t h e  ecosystem and t h e  r e s u l t  of t hese  e f f e c t s  on 
a v a r i e t y  of land uses.  
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APPENDIX 

Standard  f a c t o r s  f o r  conve r t i ng  Eng l i sh  measure t o  Me t r i c :  

Inches  X 2.54 Cent imete rs  

Foot 

Foot  2 

Foot 2 

Foot 3 

X 0.3048 Meters 

X 0.0920 Meters 
2 

X 9.2903 x Hec ta r e s  

X 0.02831 Meters 3 

Acres X 0.404068 Hec t a r e s  

Pounds X 0.45359 

P o u n d s / ~ t . ~  X 4.882 

Kilograms 

~ i l o g r a m s / ~ e t e r  2 

3 
F t .  /F t .  

3 * X 0.303 approx. Meter /Meter 2 

F t  . 2 / ~ t .  X 3.27 approx. Meter 2 /Meter 
3 

Tons (Metr ic)  /Hec ta re  

G r a m  Calor ies /Gram 




