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ABSTRACT 

Establishment of western larch (Larix occidentalis Nutt. ) seed- 
Lings is favored by si te preparation that reduces both the duff layer 
and the sprouting potential of competing vegetation. A cooperative 
study of the use of f i re  in silviculture in northwestern Montana pro- 
vided conditions to research the effectiveness of prescribed burning 
of logging slash from May through October for seedbed preparation. 
Greatest duff reduction, nonconiferous root mortality, and soil heat- 
ing occurred when water content of duff and of soil was lowest. Slash 
must be burned in the summer when the duff is dry to significantly 
reduce the organic mantle. 

However, duff on north-facing slopes dr ies  more slowly than on 
other aspects, and frequent summer rainfall may prevent effective 
preparation of seedbeds on north slopes. Burning to prepare seed- 
beds for establishment of regeneration can be conducted over a wider 
range of time on east-, south- and west-facing slopes. 



INTRODUCTION 

Removal of t r e e s  from western larch (L& occidentatis Nutt.) f o r e s t s  changes the  
energy and moisture budgets at the  ground surface (fig.  1) .  The volume of timber 
removed, t he  means of its removal, and t he  aspect of the  s i t e  influence the  amount of 
d i rec t  and ind i rec t  sunlight reaching t he  fo res t  f loor  and thus ,  the  amount of heating 
of slash,  duff ,  and upper so i l .  Radiation and re f lec t ion  from the  s lash,  duff, and 
upper s o i l  and convection a l so  increase. Transpiration and intercept ion of precipi ta t ion 
decrease when a timber stand is cut ,  pa r t i cu la r ly  c learcut ;  so more water is temporarily 
available in  the  s o i l .  Evaporation of s o i l  water remains low as long as vegetation and 
dead organic residue protect  the  fo res t  f loor  from d i rec t  radia t ion and surface wind. 
Because of the  change i n  energy and water budgets, the  composition of t he  l esse r  vegeta- 
t i on  may change. 
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AND ROOTS SOIL AND ROOTS AND SURVlVlNC ROOTS 

Figure 1.--Generatixed sequence of changes in forest stands mused by 
haruest cuttCng and prescribed burning. 
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Successfu l  establ ishment of  western l a r ch ,  a  shade- in to lerant  t r e e ,  u sua l ly  
r equ i r e s  f u r t h e r  a l t e r a t i o n  of  t h e  s i t e  a f t e r  t imber harves t  through exposure of t h e  
mineral  seedbed by s c a r i f i c a t i o n  o r  burning and suppression of vege ta t ive  competition 
u n t i l  seedl ings  a t t a i n  a  dominant p o s i t i o n  i n  t h e  s tand .  S i t e  prepara t ion  by pre- 
s c r ibed  burning should expose we l l -d i s t r i bu ted  patches of s o i l  where t h e  sprouting 
p o t e n t i a l  of competing vegeta t ion  i s  s u b s t a n t i a l l y  reduced. I f  t o o  much a r e a  i s  
exposed, t h e  p r o b a b i l i t y  of overstocking from n a t u r a l  regenera t ion  increases  and may 
r equ i r e  c o s t l y  precommercial t h inn ing  t o  form a s tand of d e s i r a b l e  dens i ty  a t  a l a t e r  
da t e  . 

A good i n i t i a l  i n d i c a t o r  of t h e  e f f ec t iveness  o f  a  prescr ibed  burn t o  decrease 
competition is  reduct ion  i n  the  number of l i v i n g  roo t s  of nonconiferous spec ies  within 
t h e  su r f ace  s o i l .  The amount of  r o o t  m o r t a l i t y  is af fec ted  by seve ra l  i n t e r r e l a t e d  
v a r i a b l e s  ( f i g .  1 ) .  F i r e  i n t e n s i t y  is  a funct ion  of t h e  f u e l  load and i t s  water content ,  
a s  wel l  as t h e  atmospheric temperature and moisture va r i ab le s  a t  t he  time of burning, 
Downward hea t  f l u x  through t h e  duff and i n t o  t h e  s o i l  i s  dependent on t h e  water content 
and t h e  depth of duff  and on t h e  water content  of t h e  s o i l .  

A cooperat ive p r o j e c t  was begun i n  1967 t o  s tudy t h e  e f f e c t s  of prescr ibed  burning 
on ( I )  s i t e  prepara t ion  f o r  con i f e r  regenera t ion ,  (2)  a i r  and water q u a l i t y ,  (3) erosion 
and runoff ,  (4) t h e  n u t r i e n t  s t a t u s  of t h e  s o i l ,  and (5)  w i l d l i f e  h a b i t a t .  These burn 
s i t e s  var ied  g r e a t l y  by a spec t ,  and t h e  amount and na tu re  ( e spec ia l ly  water content)  of 
f u e l s .  This v a r i e t y  provided a range of condi t ions  t h a t  formed a b a s i s  f o r  eva lua t ing  
s i t e  prepara t ion  f o r  regenera t ion .  

This paper descr ibes  t h e  e f f ec t iveness  of s eve ra l  prescr ibed  burns t o  reduce the  
amount of duff and t o  k i l l  r oo t s  growing within t h e  su r f ace  4 inches of  s o i l  ( f i g .  2 ) .  
In  add i t i on ,  s o i l  water  be fo re  and a f t e r  burning and s o i l  temperature during burning 
were s tud ied  t o  he lp  evalua te  roo t  mor t a l i t y .  

Figure 2, - -Port ion of a 20-acre clearcut: A. Y'he day of the prescr ibed  burn 
(cJuZy 25, 29671; B. 43 days a f t e r  burn (Septembe-rl 6 ,  1967); C. 2 4  months 
a f t e r  bum (September 26, 19681; and D. 4 years after b m  (June 7 ,  1971) .  





LITERATURE 

Plant t i s s u e  is damaged o r  k i l l e d  when exposed f o r  several  minutes t o  temperatures 
ranging from about 125' t o  130°F (Hare 1961). Although a e r i a l  port ions of p lants  
usually are  burned by f i r e ,  the  ~ o o t s  generally a re  well protected from the  k i l l i n g  
e f f e c t s  of heat  by t h e  s o i l  (Beadle 1940). Even d ~ y  s o i l  has low thermal conductivity,  
and addi t ional  s o i l  water fur the^ increases the  energy required t o  r a i s e  the  temperatur 
of the  s o i l  (Baver 1959). Thus, a g rea te r  amount of energy is necessary t o  heat  a s o i l  
t o  a l e t h a l  temperature a t  high s o i l  water contents than a t  low s o i l  water contents. 
In addi t ion,  V a n  Wagner (1970) found t h a t  temperature increased l i t t l e  i n  mineral s o i l  
when 0.5 inch o r  more of duff remained unburned a f t e r  a prescribed f i r e .  The amount of 
bared s o i l  was s t rongly  re la ted  t o  the  weight of consumed duff and, t o  a l e s s e r  extent ,  
t o  the  water content of duff (Van Wagner 1972). He a l so  a t t r ibu ted  nonuniformity i n  
depth and water content of the  duff layer  t o  the  amount of bared s o i l .  

As the  surface s o i l  temperature increases from energy released during burning, hea 
flows along a gradient from the  surface t o  the cooler l a y e ~ s  below (Baver 1959). A s  
s o i l  temperature increases ,  root t i s s u e  near the surface begins t o  die.  The i n t e n s i t y  
of the  f i r e ,  coupled with the moisture content of the  s o i l ,  g rea t ly  determines the  
success of broadcast burn i n  providing a seedbed. 

STUDY AREA AND TREATMENT 

The study area  i s  i n  the adjacent Mil ler  Creek and Martin Creek drainages on the  
Flathead National Forest  i n  northwestern Montana ( l a t .  48'31 ' N . ,  long. 1 1 4 ° 4 3 ' ~ ) .  
Sixty  10-acre u n i t s ,  15 on each of the  four cardinal  exposures, were c learcut  i n  1966 
and 1967. Data reported i n  t h i s  paper were gatheTed from about ha l f  of these  u n i t s  i n  
1967 and 1968. The timber stands averaged 24 M bd. f t .  per acre. The overmature stanc 
was comprised mainly of western larch,  Engelmann spruce (Picea engehanndd Parry),  and 
Douglas-fir (Pseudo*suga menxiesii var. gZatlca (Beissn. ) Hranco) i n  near ly  equal 
volumes. Most of the  area i s  c l a s s i f i e d  as an Abdes Zas~ocarpa/Pachistimd myrsinites 
hab i ta t  type by Daubenmire and Daubenmire (1968). While studying Miller  Creek hab i ta t  
types i n  1971, Robert D. P f i s t e r ,  Intermountain Sta t ion,  recognized two phases of t h i s  
hab i ta t  type : Mensiesia phase, primarily on s teep north slopes,  t o  Xerophy ZZwn phase, 
primarily on south-facing slopes,  but a l s o  on s teep west-facing slopes. (See t a b l e  1 
for  hab i ta t  type and burn date f o r  each un i t . )  

Topography is  moderately s teep,  with slopes ranging from 10 t o  50 percent (20 
percent average). Elevations range from 4,200 t o  5,000 f e e t .  The s o i l ,  derived from 
g lac ia l  till (10 t o  25 f e e t  i n  thickness) of a r g i l l i t e  and quar tz i t e ,  is gravelly loam 
from the  Wallace (Belt) formation (R. C. McConnell unpublished data) .  



Table 1.--HabCtat type, date burned, and average wa&r Zoss from can anaZogs for each 
un i t  of the MiZZer Creek study, FZathead NationuZ Forest. 

: Can : : Can 
: Habi ta t  : Date : water : : Habitat  : Date : water 

Unit : type1 : burned : l o s s  : Unit : type1 : burned : l a s s  

NORTH 

EAST - 

con t ro l2  
Control 
Control 
8/31/68 
10/9/67 
9/10/68 
6/18/68 
9/10/68 
7/26/68 
Control 
8/3/67 
8/3/67 
7/8/68 
10/3/68 
10/3/68 

10/10/67 827 
Control - + 

8/7/68 940 
7/18/68 480 
7/5/68 525 
10/2/67 243 
7/18/67 728 
10/1/70 - - 
10/1/70 - - 
9/9/68 415 
8/23/67 
8/23/67 
8/23/67 1,251 
9/9/68 379 
7/18/67 286 

SOUTH - 
5/18/68 
5/18/68 
5/18/68 
7/3/68 407 
9/30/68 135 
8/23/67 
8/23/67 1,382 
8/8/67 784 
10/5/67 455 
7/3/68 615 
Control 
8/23/67 
8/23/67 
8/23/67 
8/23/67 

l ~ l a s s i f i e d  by Robert D. P f  i s t e r :  AP = Abies Za~.Loca~a/~achis t irna myrsinites; 
M = AP, Menziesia phase; X = AP, XerophyZZm phase. 

2 ~ o n t r o l  = u n i t  no t  burned. 



Root Mortality 

. t y  of  nonconiferous vegeta t ion  was measured at  s i x  po in t s  wi th in  t h e  
; of each u n i t .  A t  each sample po in t ,  a v e r t i c a l  f ace  about 10 inches 
~ n c h e s  i n  depth was exposed. Then, excess s o i l  around t h e  roo t s  was 
lway; s o  roo t s  were f u l l y  v i s i b l e .  I f  t h e  roo t s  had not  been cu t ,  they 
jectioned. 

by 4-inch g r i d  was pressed agains t  t h i s  face and nonconiferous r o o t s  
e i t h e r  a s  l i v i n g  o r  dead by means of a chemical t e s t  s imi l a r  t o  t h a t  
e (1965) and S t e e l  and Henderson (1967).  A s o l u t i o n  of 1 percent (by 
i d i n e  [(-CsH3-4M12-3-CH3)2] i n  95 percent  methanol was mixed and s to red  
y b o t t l e ,  A second spray  b o t t l e  contained a so lu t ion  of  USP 3 percent 
e (H2O23. These so lu t ions  r e a c t  with t h e  enzyme peroxidase i n  l i v ing  
form a dark-blue product .  Because peroxidase denatures when the  c e l l  
hange occurs when these  chemicals a r e  sprayed on dead c e l l s .  

l i d i n e  and hydrogen peroxide so lu t ions  were sprayed on t h e  surface  
g r id .  Immediately, l i v i n g  roo t s  turned b lue .  Those t h a t  exhibi ted  no 
,e c l a s s i f i e d  as "dead." From 10 t o  30 seconds were allowed f o r  t h e  

t h e  a l coho l i c  oxthotol id ine  t o  d isperse  before t h e  r o o t s  were counted. 
r o o t s  over 1 mm i n  s i z e  were counted a t  s i x  l e v e l s .  

i l  i n t e n t  of  t h e  study was t o  compare t h e  number of l i v i n g  roo t s  on 
!ge ta t ion  before and a f t e r  burning on t h e  blocks.  Preburn samples on 
.ocks showed t h a t  over 99 percent of these  roo t s  were a l i v e .  Subse- 
)stburn root sampling was done, and a l l  roo t s  were considered t o  be a l ive  

Although some n a t u r a l  roo t  mor ta l i t y  probably occurred through t h e  
:bought t o  be minimal because s o i l  moisture was not  a l imi t ing  f a c t o r  on 
-eas before burning. Separate i d e n t i f i c a t i o n  of nonconife~ous  p lan t  
* r o o t s  was not  attempted. 

Soil Water 



Soi I 

A. 

surface 

Soil surface- 

---- inches 

Figure 3. --Schematic showing depth of insertZon of asbestos wedges and s t r ips  used 
t o  indicate the temperature gradient within the so i l  during prescribed burning. 
( A )  TrianguZar wedge used i n  1967 showing placement and me2t;ng points of Tmpi l s .  
(BJ Rectmgulm s t r ip  used i n  1968 showing spacing o f  depressions and melting 
points of Tempi Zaq. 



Soil Temperature 
The maximum temperature within t h e  upper 4 t o  6 inches of s o i l  was estimated by 

using Tempil P e l l e t s  o r  Tempilaq (Tempil Division, Big Three Indust r ies ,  Inc . ,  South 
P la in f i e ld ,  N. J.) with melting po in t s  ranging from 113' t o  1 0 0 0 ~ ~ .  Tempil P e l l e t s  are  
temperature-sensit ive t a b l e t s  (7/16-inch diameter and 1/8-inch high) and Tempilaq is a 
temperature-sensitive mate r i a l  suspended i n  an i n e r t ,  v o l a t i l e ,  nonflammable vehicle.  
In 1967, tr iangular asbestos wedges were used t o  hold Tempil P e l l e t s  of s i x  melting 
po in t s  ' ( f ig .  3a). From 25 t o  36 wedges were placed within a cen t ra l  2.5-acre study 
p lo t  on each u n i t  p r i o r  t o  burning s o  t h a t  the  upper edges of t h e  top  row of Tempil 
Pel l e t s  were a t  the  mineral soil-duf f in te r face .  Tempil P e l l e t s  indicated t h e  approxi- 
mate maximum temperature a t  various l eve l s  within the  s o i l .  Rectangular asbestos s t r i p s  
were used i n  1968 t h a t  had s i x  fu l l - length  depressions scored on both s ides .  Each de- 
pression was f i l l e d  with a Tempilaq of a d i f fe ren t  melting point t h a t  dr ied  i n  about 
1 minute ( f ig .  3b). The s t r i p s  were evenly spaced a t  36 points within t h e  cen t ra l  
2.5-acre study p lo t  on each burn i n  1968 and t h e  upper edge of the  asbestos was posi- 
t ioned along the  soi l -duff  surface .  These s t r i p s  gave a b e t t e r  indicat ion of the  
temperature gradient  within t h e  s o i l  during burning than t h e  wedges used i n  1967 and 
were e a s i e r  t o  i n s e r t  i n  t h e  s o i l  and t o  maintain. 

Tempils and Tempilaq ind ica te  instantaneous maximum temperature, but  give no infor-  
mation on the  duration of t h a t  temperature. Temperature duration was estimated on a 
few burns by using battery-operated recorders connected t o  thermocouples i n s t a l l e d  a t  
two locat ions  a t  0.2, 0.4, 0.8, and 1.6 inches i n  the  s o i l .  A t  the  0.2-inch depth, 
chromal/alumel thermocouple probes were used and a t  a l l  other depths, iron/constantan 
thermocouple probes were used. 

Analysis 
The r e l a t i o n s  of s o i l  temperature, s o i l  water l o s s ,  and nonconiferous root  morta l i ty  

t o  preburn s o i l  water content and water loss  from water can analogs were a l l  explored 
and expressed mathematically (appendix) by using techniques spec i f i ed  by Jensen and 
Homeyer (1970, 1971) and Jensen (1973). The same techniques were used t o  develop the  
r e l a t i o n  between duff reduction and duff moisture content. I t  i s  ant ic ipated tha t  some 
o r  a l l  of these  mathematical models w i l l  be per t inent  input t o   large^ information 
systems cur ren t ly  being assembled f o r  the  use of land managers. 



RESULTS -. 

Root Mortality 

Reduction of roots of competing nonconiferous species by heat  from prescribed f i r e s  
was generally low a t  depths g rea te r  than 2 inches ( t ab le  2)  except i n  dry s o i l .  

Time of Burning 

Root morta l i ty  caused by s o i l  heat ing during burning increased within the  surface 
4 inches of s o i l  as the  ho t ,  dry summer of 1967 progressed; morta l i ty  decreased rapidly  
a f t e r  r a i n f a l l  s t a r t e d  i n  October ( f ig .  4) .  In con t ras t ,  root morta l i ty  was lower 
throughout the  cool, wet summer of 1968 than a t  any time i n  1967. 

Table 2 .  --Root mortazity by depth for un i t s  where data was taken, MiZZer Creek Study, 
Flathead National Forest. 

Root morta l i ty  by depth (inches) 
: 0- : 1/2- : - 1 4 -  : 1-3/4- : 2-1/4- : 

U n i t  : 1 /2  : 1-1/4 : 1-3/4 : 2-1/4 : 3 : 3-4 
- - - - - - - - - - - Percent - - - - - - - - - - - - - 

NORTH - 
5 5 5 2 4 15 13 16 15 
7 54 56 38 2 1 6 0 
8 0 0 0 0 0 0 
9 13 2 2 11 14 0 0 

11 100 86 63 2 0 5 4 
13 12 0 0 0 0 0 

EAST - 
3 

SOUTH =-. 

4 2 0 2 3 12 0 0 0 
8 100 67 46 18 6 4 

10 - 11 30 6 6 9 0 

WEST - 
1 



Jul 18-Aug.3, 1967 
Aug.8, 1967 
Aug. 23, 1967 (wildfire) 
Oct. 2-11, 1967 
June 18-Sept. 10, 1968 

Root mortality (percent) 

Figure 4.  --Root mortaZfty within the surface 4 inches of s o i l  by date of  burn 
foZZming bumZng of slash on cutover blocks. 

Except f o r  a reas  burned by t h e  w i l d f i r e  on August 23, most roo t  mor t a l i t y  i n  1967 
was confined t o  t h e  su r f ace  2 inches o f  s o i l  and t o  t h e  su r f ace  1 inch i n  1968 ( f i g .  4 ) .  
Heat from t h e  August 2 3  w i l d f i r e ,  which burned when s o i l  condi t ions  were extremely hot  
and dry ,  caused the  only s i g n i f i c a n t  reduction of  roo t s  a s  deep a s  4 inches below the  
s o i l  su r f ace .  Over 90 percent  o f  t h e  roo t s  d ied  wi th in  t h e  upper 2.4 inches and 70 
percent  of  t h e  r o o t s  d ied  wi th in  t h e  3.3-  t o  4.0-inch l aye r  ( f i g .  4) .  In add i t i on ,  t h e  
w i l d f i r e  reburned a u n i t  i n i t i a l l y  burned 1 month e a r l i e r  and consumed nea r ly  a l l  
remaining duff  and some p a r t i a l l y  burned f u e l s .  Root su rv iva l  dropped from 80 t o  11 
percent  wi th in  t h e  su r f ace  2 .5  inches and from 98 t o  38 percent  wi th in  t h e  2.5- t o  
4-inch l e v e l .  

Af ter  r a i n f a l l  began i n  October 1967, roo t  1osse.s decreased on each success ive ly  
burned u n i t .  Root m o r t a l i t y  was much more v a r i a b l e  i n  t h e  f a l l  than i n  J u l y  and e a r l y  
August. Samples taken from po in t s  t h a t  burned t o  t h e  s o i l  su r f ace  gene ra l ly  showed 
high roo t  mor t a l i t y ;  s o i l  water  g r e a t l y  influenced t h e  depth of  root  k i l l .  

Considerable sp rou t ing  began immediately a f t e r  burning i n  June,  Ju ly ,  and August 
when root  k i l l  was gene ra l ly  low ( f ig .  5 ) .  Alder (AZnus sinuata (Regel) Rydb.) f r e -  
quent ly  sprouted vigorously ( f ig .  5a) , as  d id  mountain maple (Acer g l a b m  Tor r . )  and 
Scouler  willow (SaZzk scou Zerianm Barra t t  ) . Beargrass (Xerophy ZZwn kenm (Pursh) Nutt . ) 
leaves continued t o  e longate  without any apparent  i n t e r rup t ibn -  d e s p i t e  t h e  f i r e  
( f ig .  5b) .  



Figure 5.--A. Sprouting of aZder (Alrlus s i n u a t a  (RggeZ)  Rydb.) about 1 month a f t e r  
prescribed f<re t h a t  b u m ~ d  the  old crown. B. Leaf eZongatCon o f  
beargrass (Xerophy llum tenax (Puroh) Nutt.  ) a f t e r  a prescraed  f<re. 
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Figure 6.--Average root mortality within the  upper 4 inches of so i l  during prescribed 
burning as related t o  the preburn s o i l  water d t h i n  the surface inch 
and avtuerage water Zoss from can analogs la measure of f b e  ineens i ty ) .  

InfZuence of Fire Intensi ty  and So i l  Water 

Root mor t a l i t y  va r i ed  from 0 t o  100 percent  ( f i g .  6) according t o  the  i n t e r a c t i o n  
of  t h e  amount of water  i n  t h e  s o i l  and t h e  energy r e l eased  from prescr ibed  f i r e s  
( represented  by water  l o s s  from cans placed i n  d i r e c t  contac t  with t h e  s u r f a c e  of t h e  
s o i l  (Beaufai t  1966)) . In t h e  sp r ing  o r  sometimes l a t e  f a l l ,  when s o i l  water was near  
o r  a t  f i e l d  capaci ty  (about 50 percent  on t h e  more she l t e r ed  s i t e s ) ,  root  mor t a l i t y  
ranged from 0 t o  30 percent ,  r ega rd le s s  of f i r e  i n t e n s i t y .  From midsummer t o  l a t e  
summer of d r i e r  years  when s o i l  water  dec l ined  t o  about 15 percent  on t h e  more exposed 
s i t e s ,  roo t  mor t a l i t y  ranged from 30 t o  nea r ly  100 percent .  

Mor ta l i ty  v a r i e s  g r e a t l y  according t o  t h e  depth a t  which roo t s  grow i n  the  s o i l .  
When s o i l  water  i s  high,  most roo t  mor t a l i t y  oczurs wi th in  t h e  sur face  ha l f  inch ,  
regard less  o f  f i r e  i n t e n s i t y .  However, when s o i l  water  i s  low, h igh - in t ens i ty  burns 
k i l l  most roo t s  wi th in  t h e  su r f ace  4 inches of s o i l .  Burns of lower i n t e n s i t y  on dry 
s o i l s  cause high roo t  mor t a l i t y  i n  t h e  su r f ace  1 o r  2 inches,  but  have l i t t l e  e f f e c t  
on roo t s  a t  lower depths.  

Soil Water 
Within t h e  su r f ace  4 inches of  s o i l ,  water var ied  ( t a b l e  3) with  t h e  amount and 

p a t t e r n  of  summer p r e c i p i t a t i o n ,  with s o i l  t e x t u r e ,  and with such management p r a c t i c e s  
a s  harves t  c u t t i n g  and seedbed prepara t ion .  



Table 3.  --SoZZ wa*er before ( B I ,  and a f t e r  ( A ) ,  burning by depth for unZts where 
data oere taken, MiZZer Creek Study, Fkthead NatiomZ Fores* 

Soil  water by depth (inches) 
: 0 t o  1 / 2  1 /2  t o  1 : 1 t o  2-1/4 2-1/4 t o  4 

Unit : B : A B A :  B :  A B : A  - - - - - - - - - - - - - - - pepcent - - - - - - - - - - - - - - - 
NORTH 

EAST - 

SOUTH 

WEST 

Frequent precipi ta t ion was needed t o  maintain s o i l  water during the summer months 
when vegetation required l a ~ g e  amounts of water t o  support growth. In 1967, the  water 
i n  the  upper 4 inches of s o i l  decreased rapidly i n  the  uncut stands from June through 
September and in  cutover, but unburned, u n i t s  from l a t e  Ju ly  through September. In 1968, 
however, s o i l  water f a i l ed  t o  decline as it had the  previous year because of frequent 



r a i n  showers. Less than h a l f  as much r a i n  f e l l  on t h e  Keith Mountain study area  20 
miles south of For t ine ,  Montana, from June through September 1967, as was recorded dur- 
ing t h e  same period i n  1968: 

Month 

June 
Ju ly  
August 
September 

Tota l  

~ r e c i p i t a t i o n  ( inches)  
1967 1968  

This amount was only about 30 percent of average i n  1967, but near ly  160 percent of 
normal i n  1968 (U. S. Environmental Science Services Admin. 1967, 1968) . 

Paul E.  Packer, Intermountain S ta t ion ,  found t h a t  the  water-holding capacity of t h e  
s o i l s  a t  Mil ler  Creek varied with t h e  proportion of s o i l  p a r t i c l e s  g rea te r  than 2 nun i n  
s i ze .  These s o i l  features a r e  a l s o  c losely  r e l a t e d  t o  h a b i t a t  type and t o  aspect:  

Water- 
hoZding Propor t i o n  
c a p a d t y  o f  s o i l  
( tension,  p m t i c t e s  
4 >2 mn i n  

20 60 s i z e  Aspect 
- - - -  Percent - - - - Habitat type 

48 4 2 28 N ,  E Abiea/Pachistima (Menziesia phase) 
44 39 4 0 N,  E, W Abies/Pachistima 
3 8 32 53 w, s Abies/Pachiseima (Xerophy ZZwn phase) 

In May, soon a f t e r  snowmelt, when the  upper 4 inches of s o i l  was a t  o r  near sa tura-  
t i o n ,  s o i l  water was g rea tes t  on u n i t s  with t h e  ~bies /Paehis t fma hab i t a t  type (Menziesia 
phase) andwas l e a s t  on u n i t s  with t h e  Abies/Pachistima h a b i t a t  type (XerophyZZwn phase). 
Later ,  s o i l  water depletion was more severe on t h e  Abies/Puchistima hab i t a t  type 
(XerophyZZm phase) than on e i t h e r  of the  o ther  cover condit ions,  When f a l l  r a ins  began 
i n  1967, s o i l  water on unburned u n i t s  had declined t o  about 15 o r  20 percent on t h e  
AbZes/Pachistima hab i t a t  type (19 percent on u n i t  East 6) . Soi l  water was estimated t o  
be about 25 t o  30 percent on unburned un i t s  with Menziesia and about 5 t o  15 percent on 
u n i t s  with XerophyZZwn. In contras t  t o  1967 t o t a l s ,  s o i l  water on most unburned un i t s  
remained high during the  wet summer of 1968. 

The amount of water within t h e  surface 4 inches of s o i l  a l so  varied by the  topo- 
graphic posi t ion of  t h e  u n i t  on the  slope.  As indicated i n  t h e  previous tabula t ion,  
the re  was an overlapping of s o i l  cha rac te r i s t i c s  by aspect. Some upper north- and eas t -  
facing s i t e s  had g rea te r  water-holding capacity and fewer coarse fragments than those 
lower on the same slopes,  as evident by a change i n  hab i t a t  type. Some lower, l e s s  
s t eep ,  west-facing slopes held more water than upper o r  s teeper  west aspects and showed 
d i s t i n c t  hab i t a t  type differences a lso .  

E f f e c t  of Cutting 

Depletion of water i n  t h e  upper 4 inches of s o i l  by vegetat ion i s  considerably re-  
duced on c learcut  and slashed areas  when compared with adjacent uncut s tands  ( t ab le  4). 
This r e s u l t s  because t r ansp i ra t ion  is d r a s t i c a l l y  decreased when t h e  timber and other 



Table 4. --SOX water within tmo undisburbed stands compared with that  wiehin the cutover 
and sZashed unib udjacent t o  each, August 2, 2968 

Soi l  S o i l  Water 
depth Unit North 9 IJnit East 3 

(inches) : Uncut : Cut : Difference : Uncut : Cut : Difference 

0- 1/2 18 40 22 23 33 10 
1/2-1 18 37 19 2 2 32 10 
1-4 18 35 17 2 1 3 1 10 
Average 18 35 17 2 1 31 10 

vegetat ion a r e  removed by logging and s l a sh ing  opera t ions .  In addi t ion ,  evaporation 
from t h e  surface  does not increase  g r e a t l y  as long a s  logging s l a s h  shades the  ground 
and phys ica l ly  suppresses t h e  low vegeta t ion .  Large d i f ferences  were evident i n  e a r l y  
August ( t a b l e  4) but  before remeasurements were made on these  u n i t s  l a t e r  i n  1968, 
heavy summer r a i n f a l l  recharged t h e  upper s o i l  on both cut  and uncut p l o t s  and el iminated 
the  differences.  S imi lar  measurements were not taken i n  1967, but  s o i l  water d i f ferences  
between cut  and uncut s tands probably would have shown g r e a t e r  divergence l a t e r  i n  t h e  
summer. 

Effect  of Burning 

Prescribed burning i n  June and J u l y  reduced s o i l  water only s l i g h t l y  because a l l  
but  the  f i n e  f u e l s  were wet and t h e  s o i l s  were near  f i e l d  capaci ty  ( t a b l e  3). By l a t e  
Ju ly ,  only s o i l s  sampled on north-  fac ing  slopes (Menz<esia phase of the  A$ies/Paelzistima 
hab i t a t  type) remained near  f i e l d  capaci ty ;  those on t h e  south-facing slopes (Xerophy ZZwn 
phase of the  Abies/Pachistzha h a b i t a t  type) were much d r i e r .  In addi t ion  t o  being 
drought ier ,  t h e  s o i l s  on souther ly  exposures had a higher evaporat ion r a t e  because of 
g rea te r  i n so la t ion .  

The e f f e c t  of topographic pos i t ion  was evident on u n i t s  East 7 and West 1. Both 
support t h e  Abies/Paclzistima h a b i t a t  type and were burned a week apar t  i n  1967. A 
s imi l a r  amount of energy was re leased  during each f i r e .  However, t h e  e f f e c t s  of  burning 
were d i f f e r e n t  ( t a b l e  5) because u n i t  East  7 i s  on an upper, exposed, and s t eep ,  eas t -  
fac ing  slope t h a t  has s l i g h t l y  coarser  s o i l  of lower water-holding capaci ty  than u n i t  
West 1, which is on a lower, moist,  and gen t l e  west-facing slope.  Snowmelt occurred 
about 2 weeks e a r l i e r  on u n i t  East 7 than on u n i t  West 1. Because l e s s  water was held 
i n  the  lower duff and s o i l  of  East 7, near ly  2.5 times more duff was burned ( t a b l e  6) 
and considerably more water was removed from the  su r face  1 inch of s o i l  ( t a b l e  3) on 
u n i t  East 7 than on u n i t  West 1. 

In 1967, t h e  s o i l  continued t o  dry through August and September. A w i l d f i r e  burned 
u n i t  East  13 on August 23 and the  s o i l  moisture decreased 14 and 8 percentage po in t s  
within the  0 t o  0.5 and 0.5 t o  1-inch l e v e l s  ( t a b l e  3 ) .  This reduction was g rea te r  than 
t h a t  following any o the r  p ~ e s c r i b e d  f i r e  measured a t  Mi l l e r  Creek. 

Af te r  t h e  f a l l  r a i n s  began i n  1967, burning reduced s o i l  water mainly i n  t h e  upper 
one-half inch. A t  f i r s t ,  t h e  r a i n  had r e l a t i v e l y  l i t t l e  e f f ec t  on the  upper s o i l  be- 
cause i t  was in t e rcep ted  by t h e  f u e l s  and then e i t h e r  evaporated o r  was absorbed by t h e  
s l a sh  and duff .  These wet f u e l s  burned poorly except where they were concentrated.  
As water increased within t h e  duff  and s o i l  following add i t iona l  r a i n f a l l ,  burning 
became l e s s  effe'ctive i n  reducing o v e r a l l  s u r f  ace moisture.  



Table 5.-+Effect of s o i t  water on the depth of heat conduction duping prescribed bumzs 
of sioitar intensity1 

Water : Depth of s o i l  heating 
Soi l  Duff Units 

: (Surface inch) : (Lower hal f  inch) 138'F : 200°P 
- - - - -Percent by we$ght- - - - - - - - - Inches - - - - 

South 10 
and 
North 13 44 

North 9 38 
west 9 

and 
East 7 

South 8 

'water loss from can analogs averaged between 609 and 784 g.  

Table 6. - -kxhum,  minimum, and average duff depth before burning, average depth of  
unburned duff a f t e r  burning, and average reduction for units where data 
were coZZected, Miller Creek study, Flathead National Fmest 

Duff Depth 
Before burning : After burning : 

Unit : Maximum :  minim^ : Average : Average : Reduction 
- - - - - - - - - - - - - I ~ ~ ~ ~ - - - - - - - - - - - -  Percsn t ' 

EAST - 

WEST - 

' ~ e t e m i n e d  from unrounded data. 



In 1968, frequent r a i n f a l l  occurred a f t e r  August 10 and the  surface  4 inches of 
s o i l  was quickly recharged. S o i l  water was l i t t l e  reduced by burning ( t ab le  3) a t  
any time i n  1968. 

The w i l d f i r e  of August 23,  1967, burned when f u e l s  were dry and moisture i n  the  
upper 1 inch was low. The lowest postburn s o i l  water recorded i n  t h i s  study occurred 
on four cutover un i t s  located on west- and south-facing slopes and on one uncut u n i t  
located on a west-facing slope.  The wi ld f i r e  burned near ly  a l l  t h e  duff and probably 
reduced s o i l  water subs tan t i a l ly .  As shown i n  t h e  following tabula t ion,  postburn s o i l  
water i n  t h e  1- t o  4-inch l eve l  averaged 11 percent on t h e  cutover u n i t s  South 7, 
West 2 ,  West 5 ,  and West 7, and 4 percent on the  uncut u n i t ,  West 6:  

SoiZ depth (inches) 

Cutover u n i t s  
Uncut u n i t  

Difference 

The uncut u n i t  averaged 6 percent l e s s  water content a f t e r  t h e  wi ld f i r e  than t h e  two 
cutover and slashed u n i t s  bordering it on e i t h e r  s ide .  This o r  a larger  d i f ference  
probably exis ted  before the  f i r e  because of g rea te r  use of water by undisturbed vegeta- 
t ion  growing on t h e  uncut stand.  

Fi re  i n t e n s i t y  and preburn s o i l  water content within the  surfce  1 inch of s o i l  
in teracted t o  cause varying responses i n  s o i l  water loss  during prescribed burning 
( f ig .  7 ) .  This loss of s o i l  water ranged from 0 t o  11 percent during t h e  course of 

Preburn soil water (percent) 

Figure 7.--Average Zoes of water durYing prescribed burning as reZated t o  preburn 
so i l  water within the supface 1 inch and can anaZogs (a  measure of in tens i ty ) .  



prescribed burning a t  Mil ler  Creek. When t h e  s o i l  was near ly  sa tura ted  (about 50 per- 
cent by weight) soon a f t e r  snowmelt, t h e  water regime i n  t h e  surface  1 inch of s o i l  
decreased only 6 percent during the  most in tense  f i r e  ( f ig .  7) .  However, l a t e r  i n  the  
summer a f t e r  evapotranspirat ion had depleted much of t h i s  water,  f i r e  i n  dry fue l  re-  
leased enough energy t o  burn o f f  near ly  a l l  t h e  duff and dry the  surface  1 inch of 
s o i l .  For example, a t  15 percent s o i l  water, in tense  f i r e s  decreased s o i l  water by 
12 percent. Once the  s l a s h  and upper duff were moistened by r a i n ,  usual ly  i n  l a t e  
summer o r  e a r l y  f a l l ,  t h e  energy m el eased by prescribed f i r e s  diminished. Although the  
heat  f lux  decreased, water loss  was considerable within the  upper 1 inch of s o i l  where 
the  surface s o i l  and lower duff remained r e l a t i v e l y  dry,  as i n  ea r ly  October 1967. 
Later ,  s o i l  water depletion occurred primarily under fue l  concentrations or o the r  con- 
d i t ions  t h a t  protected t h e  s o i l  from t h e  ra in .  

Forest  l i t t e r  ameliorates t h e  e f f e c t  on the  s o i l  surface  of desiccation by wind and 
heat ing by incoming rad ia t ion .  A t  Mi l l e r  Creek, t h i s  layer  averaged about 2 . 5  inches i n  
depth (see t a b l e  6 f o r  t h e  average, t h e  maximum, and t h e  minimum depth of l i t t e r  
measured on each u n i t ) .  In May, June,  and most of July ,  t h i s  layer  of decomposing 
organic matter  was moist and insula ted  the  surface s o i l  from the  drying e f f e c t s  of 
prescribed f i r e s .  On uni t s  where l i t t e r  averaged more than 2 inches i n  depth and where 
t h e  water content of the  lower ha l f  of t h e  duff was above 110 percent,  l e s s  than 40 
percent of the  duff depth was burned during prescribed f i r e s  ( f ig .  8) .  A s  t he  water 
content of the  l i t t e r  decreased, prescribed f i r e s  consumed more of t h i s  layer and 
caused g rea te r  water depletion of the  upper s o i l .  When the  lower h a l f  of the  duff layer 
reached about 50 percent water content ,  prescribed f i r e s  burned off  most of the  duff 
layer .  Concurrently, surface  s o i l  water was reduced t o  the  lowest point .  

0 50 100 150 200 

Duff moisture content (percent ovendry weight) 

Figure 8. --Duff reduction re lated t o  the  water content of the  Zower haZf of the  
duff Zayer. 



Soil Temperature 

The downward hea t  f l u x  from t h e  combustion of f o r e s t  f u e l s  pene t r a t e s  t he  s o i l  
su r f ace  and hea t s  t h e  upper s o i l  mantle. The inc rease  i n  s o i l  temperature v a r i e s  
considerably during t h e  burning o f  s l a s h .  

Conduction 

Usually a s  logging s l a s h  and duff  d r i ed  and s o i l  water  decreased during t h e  summer, 
each success ive  prescr ibed  f i r e  became more in t ense  and a s t e e p  temperature gradient  
developed wi th in  t h e  sur face  s o i l  ( f i g .  9 ) .  In  1967, t h i s  condi t ion  continued i n t o  t h e  
f a l l ;  extreme f i r e  condi t ions  forced  a hal t-  t o  burning from t h e  end of August t o  e a r l y  
October. However, i n  1968 frequent  heavy r a i n s ,  from mid-August on, replenished s o i l  
water  and stopped f u r t h e r  s o i l  drying. Except a t  s c a t t e r e d  po in t s  where f u e l s  were 
concentrated,  t h e  e f f ec t iveness  o f  f i r e s  i n  reducing duff  l a y e r s  and hea t ing  t h e  su r f ace  

Soil temperature (OF) 
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Figure 9.--Average depth -bemperatures were recorded during prescribed burns 
in 1967 and 1968. 
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Figure 10,--Average depth that reached 138°F during prescribed burning as 
related t o  preburn so i l  water w<th$n the surface I inch and merage water 

206s from can anaZogs (a measure of f i r e  in tens i ty ) .  

s o i l  diminished rapidly  a f t e r  heavy r a i n f a l l  began. Fires i n  June and Ju ly  caused few 
spots t o  be heated above 200"F, and then only i n  t h e  surface  one-fourth inch ( f ig .  9 ) ;  
temperatures over 1 1 3 " ~  were r a r e  below 1.5 inches. Prescribed burning i n  ea r ly  August 
caused the  g rea tes t  s o i l  heating.  After  t h e  heavy ra ins  subsided and fue l  dr ied  enough 
t o  burn, the  level  of heat penetra t ion decreased t o  o r  below t h a t  caused by f i r e s  
igni ted  i n  June and July.  

Temperature Var$atim 

Heating of t h e  surface  s o i l  var ied  according t o  t h e  in te rac t ion  of f i r e  i n t e n s i t y  
and the  amount of s o i l  water ( f i g .  10).  Var iab i l i ty  was evident both within individual  
u n i t s  and between u n i t s  ( t a b l e  7) .  Maximum s o i l  temperatures were usually recorded a t  
points  of high fue l  concentration, low s o i l  water, o r  both. Living c e l l s  usually a r e  
k i l l e d  a t  138OF. In t h i s  study, t h e  average depth t h a t  reached 138'F increased as pre- 
burn s o i l  water decreased a t  any given f i r e  i n t e n s i t y  ( f ig .  10). However, t h e  depth 
reaclling t h i s  temperature increased rapidly  with g rea te r  f i r e  i n t e n s i t i e s .  In the 
spring,  when s o i l  water was near f i e l d  capacity (about 50 percent on t h e  more shel tered 
s lopes) ,  the  depth t h a t  reached 1 3 8 ' ~  increased from 0 t o  0.6 inch over t h e  extremes of 
f i r e  i n t e n s i t y  shown i n  f igure  10. In  middle t o  l a t e  summer, when s o i l  water reached 
about 15 percent on the d r i e s t  s lopes ,  the  s o i l  was heated t o  1 3 8 ' ~  from 0 t o  2.2 inches 
depending on the  i n t e n s i t y  of prescr ibed f i r e s .  



Table 7 . - - W ,  dnhuw, '  and aremge depths that T q d Z a q  melted for seveml t m p m h r r e s  on units w?wm data 
were taken, Mizler Creek study, Fzatbud Nutionaz Forest 

Depth o f  Tempilaq mel t  
11J'P 125'P 13S0P : 150QF : 163-F : 200°P I 300-F 

Unit : h. : Min. : Ave. :: Max. : Min. : Ave. : Max. :Min. : Avt. : Max. : Ave. : Max. : Ave. : Max. : Min. : Ave. : Max. : AVO. 
- - - - - * - - - - - + - - - - - - - - - - -  I m b s - - - - - - - - - - - - - - - - - - - - - - - - - -  

NORM - 

EAST - 

WEST - 

l ~ i n i m u m  values are a l l  0.0 for 15O'F and greater. 

The magnitude o f  heat penetration i n t o  the s o i l  i s  a l s o  influenced by the  amount of 
water i n  the  duff.  In ea r ly  August 1967, on a moist north-facing slope,  a prescribed 
f i r e  caused the  s o i l  surface temperature t o  increase from about 50°F t o  between 138°F 
and 200°F with 113OF recorded t o  a depth of about 1 inch. Heat conduction increased 
as the lower one-half inch of duff and the surface 1 inch of s o i l  dried ( t ab le  5) .  The 
maximum temperature a t  the surface varied from 200" t o  500°F, w i t h '  113OF recorded a t  an 
average depth of about 3 inches and a maximum depth of about 5 inches. 

In August 1967, maximum s o i l  temperatures t o  200°F ranged from 0 t o  1.5 inches i n  
depth, with an average depth of 0.5 inch, which was twice t h a t  on any other  burn. About 
80 percent of t h e  u n i t s  were burned when the  s o i l  water within the  surface 1 inch was 
greater  than 30 percent. Temperatures g rea te r  than 13B°F were seldom recorded below a 
depth of 3 inches even during the  h o t t e s t  b u n s ,  and 200°F was ra re ly  measured below 
the  surface 0.5 inch of s o i l .  

In 1967, l i t t l e  r a i n  f e l l  from mid-July through Septembe~ t o  recharge the  upper 
s o i l .  Soi l  heating was grea tes t  during t h i s  period. Even a f t e r  r a ins  began i n  ear ly  
October, in tercept ion by s lash ,  vegetation,  and t h e  duff layer  prevented most of the  
i n i t i a l  moisture from entering the  surface  s o i l .  Hence, surface  s o i l  water remained 
f a i r l y  low and f i r e s ,  even f i r e s  of low in tens i ty ,  heated the  s o i l  considerably. 



During t h i s  period,  water within the  lower 0.5 inch of duff averaged 28 percent and 
water within the  surface 1 inch of s o i l  averaged 20 percent. In contras t ,  when water 
content of duff and s o i l  was high and f i r e s  s imi la r ly  low i n  in tens i ty  burned, l i t t l e  
o r  no increase i n  s o i l  temperature occurred. 

To some extent ,  the  length of time t h a t  high temperatures a re  maintained i n  the  
s o i l  surface causes physical and b i o t i c  changes within t h a t  layer.  As s o i l s  dry, the 
heat  f l u  from f i r e s  causes g rea te r  and longer heating within the  surface s o i l .  The 
most: extreme s o i l  heating measured a t  Miller  Creek is shown i n  f igure  11, point 4. This 
f igure  i l l u s t r a t e s  the increase and duration of temperature i n  the  upper 1.8 inch of s o i l  
and the  v a r i a b i l i t y  measured a t  two points on a south-facing slope burned i n  ea r ly  
August. So i l  temperature maximums var ied from 130" and 3 6 0 " ~  a t  the 0.4-inch depth, t o  
103" and 155°F a t  the  1.6-inch depth. The sudden r i s e  t o  621° and 252°F at the 0.4-inch 
and 0.8-inch depths, respectively ( f ig .  11) , shows the  influence of the  ign i t ion  of a 
root within the soil--temperature was not increased a t  1.6 inches. While the  tempera- 
t u r e  a t  the 0.4-inch depth jus t  reached 130°F a t  point  27 ( f ig .  11.) , it was greater  
than 130°F a t  point  4 fo r  about 6 ,  5, and 3-1/2 hours a t  depths of 0 .4 ,  0.8, and 1.6 
inches, respectively.  The s o i l s  had not returned t o  ambience by the  time the  instruments 
were removed the  next morning. 

1.6 inch 

Point - 4 

r 0.2 inch 

Point - 27 1.6 inch 

Time from ignition (hours) 

F<'igure 21.  --So< Z 
t e m p e r a t m s  re- 
corded a t  four 
depths a t  fao 
points during 
bumzing o f  un<t 
South 8 ,  August 
8 ,  1967. 



DISCUSSION 

Because establishment of coniferous seedlings, pa r t i cu la r ly  western larch,  i s  
enhanced on s o i l  t ha t  is  f ree  from excessive competition, t he  successful burn must 
create receptive seedbed mosaic. Exposure of too much mineral s o i l  seedbed may r e su l t  
i n  severe overstocking, a problem i n  many young larch stands.  A t  l eas t  three levels  of 
seedbed conditions resul ted from 2 years of burning a t  Miller Creek. Seedbed condition 
corresponded t o  the date an area was burned and t o  the moisture content of the s o i l .  

1.--The f i r s t  three 1967 burns and nearly a l l  1968 burns exposed l i t t l e  mineral 
s o i l .  Usually, l i t t e r  and duff were not completely burned. Soi l  water was high and 
root mortali ty was low, confirmation t h a t  s o i l  temperatures seldom reached the  l e tha l  
level ,  especia l ly  below 2 inches i n  depth. Sprouting began within 2 weeks a f t e r  burning 
in  June, July, and August, and emergent species w i l l  grow rapidly  and compete with new 
t r e e  seedlings fo r  l i g h t  and moisture. 

2.--The 1967 wildf i re  consumed most of the duff on burned un i t s .  Postf i re  s o i l  
water was low. These un i t s  had l i t t l e  root survival because s o i l s  commonly reached 
le tha l  temperatures as deep as 4 inches. Occasional sprouting occurred i n  ear ly  Septem- 
ber  on these areas. 

3.--Distribution of exposed mineral s o i l  on un i t s  burned i n  October 1967 was spot ty  
and was limited t o  areas t ha t  sustained high s o i l  temperatures. Frequent ra ins  increased 
s o i l  water during the  period these blocks were burned. Heat penetration was highly 
variable between areas,  pa r t i cu la r ly  on the f i r s t  burns, where some k i l l i n g  temperatures 
reached as deep as 4 inches a f t e r  the  f a l l  ra ins .  

APPLICATIONS 

These r e su l t s  suggest t ha t  i f  natural  regeneration i s  t o  be limited by regulating 
the  amount of mineral s o i l  exposed, then prescribed burning must be timed with duff and 
s o i l  moisture. The best  seedbeds on south-, eas t - ,  and west-facing slopes apparently 
resul ted from the  October 1967 f i r e s .  Data are lacking as t o  when the most root 
mortali ty would have resul ted on north-facing slopes,  but summer burning before the  f a l l  
ra ins  begin probably w i l l  be required. 

Stocking control becomes l e s s  of a problem when a r t i f i c i a l  regeneration is used t o  
renew a stand. Lightly t o  heavily burned seedbeds can be planted o r  spot seeded without 
fear  of overstocking. These methods a l so  permit se lect ion of microsites where competi- 
t ion  is minimized. Based on chance, natural  o r  broadcast seeding offers  no such choice. 
Planting allows the  greates t  f l e x i b i l i t y  i n  seedbed preparation since vigorous, well- 
planted growing stock i n i t i a l l y  has a 1- t o  3-year growth advantage over newly germinated 
seedlings. 



Baver, L. D. 
1959. Soi l  physics. 34th ed. John Wiley and Sons, N e w  York. 

Beadle, N. C. W. 
1940. So i l  temperatures during fo r e s t  f i r e s  and t h e i r  e f fec t  on the  survival of 

vegetation. J. Ecol. 28(2) : 180-192. 
Beaufait, William R. 

1966. An in tegrat ing device f o r  evaluating prescribed f i r e .  For. Sci. 1211) : 27-29. 
Daubenmire, R. 

1952. Forest vegetation of northern Idaho and adjacent Washington, and i t s  bearing 
on concepts of vegetation c lass i f i ca t ion .  Ecol. Monogr. 22(2) :301-330. 

Daubenmire, R. , and Jean B. Daubenmire. 
1968. Forest vegetation of eas tern  Washington and northern Idaho. Wash. Agric. 

Exp. Stn. Tech. Bull. 60, 104 p. 
Hare, Robert C. 

1961, Neat e f f ec t s  on l iv ing plants .  U.S. For. Serv. Occas. Pap. 183, 32 p. 
Hare, Robert C. 

1965. Chemical t es t  f o r  f i r e  damage. J .  For. 63(12) :939. 
Jensen, C. E .  

1973. Matchacurve-3, multiple-component and multidimensional mathematical models 
f o r  natural  resource models. USDA For. S e n .  Res. Pap. INT-146, 42 p. 
Intermt. For. and Range Exp. Stn. ,  Ogden, Utah 84401. 

Jensen, C.E. ,  and J. W. Homeyer. 
1970. Matchacurve-1 f o r  algebraic transforms t o  describe sigmoid- o r  bell-shaped 

curves. USDA For. Serv., Intermt. FOX. F Range Exp. S tn . ,  Ogden, Utah 
84401. 22 p. 

Jensen, C. E . ,  and J. W. Homeyer. 
1971. Matchacu~ve-2 fo r  algebraic transforms t o  describe curves of the  c lass  xn. 

USDA For. Serv. Res. Pap. INT-106, 39 p. Intermt. For. and Range Exp. Stn. ,  
Ogden, Utah 84401. 

Steele ,  Robert W . ,  and Robert C. Henderson. 
1967. A simple technique f o r  placing cambium temperature sensors and fo r  detemin- 

ing t i s sue  mortali ty i n  young trees. Mont. For. and Conserv. Exp. Stn. Res. 
Note 15, 2 p. 

Van Wagner, C. E. 
1970. Temperature gradients i n  duff and s o i l  durlng prescribed f i r e s .  Dep. 

Fisheries and Forestry, O t t a ~ a ,  Canada, Bi-Mon. Res. Notes 26 (4) 342. 
Van Wagner, C. E.  

1972. Duff consumption by f i r e  i n  eas tern  pine stands. Can. J. For. Res. 
2(1) :34-39. 



APPENDIX 
Formulas used t o  develop surfaces shown i n  f igures  6 ,  7,  and 10 and the  curve 

shown i n  figure 8. 

Figure 6 

(100 - PW) - 

A 
Root morta l i ty ,  percent (RM) = 0.99523 YP - e 

- -  

1 - e  
(1 - 

where : 

I = 0.65 - 8.7172 X 10-15 @%)4-2 

WL = Water loss  (percent) ,  OWLj1300 

PW = Preburn s o i l  water (percent) , O2PW~l00 

Figure 7 
A N N 

Soi l  water loss ,  percent (SWL) = (YP/(85) ) (100-PB) (0.96262) 

where : 

YP = ,0096473 (CWL) 

PB = Preburn s o i l  water (percent) ,  15PBS00  

CWL = Can water loss  (g), O~CWL~1300 



Figure 8 

where : 

MC = Duff moisture content ,  O~MC5220 

Figure 10 
A 

Depth, inches (D) = ( YP ) ( ~ o o - P w ) ~  (0.97118) 

(751 

where : 

PB = Preburn s o i l  water  (percent ) ,  15<PB<100 

CWL = Can water  loss (g) ,  O2CWL9300 
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