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INTRODUCTION

This review of knowledge concerning the
effects of high temperatures on plants was
undertaken in preparation for research aimed
at determining how forest fires affect physiol-
ogical processes in woody species. Major sub-
jects discussed include morphological and
physiological responses to high temperatures,
external and internal factors governing these
responses, recognition and assessment of fire
damage, and ecological effects of fire, including
benefits from prescribed burning. Considera-
tion is given also to techniques for measuring
high temperatures outside and inside the plant,
and for reproducing these temperatures artifi-
cially in controlled experiments. Some of the
fire effects reviewed here are not physiological,
but a cursory survey of literature on them was
included to round out the treatment, since they
all constitute ways in which excessive heat
influences plants.

A major conclusion from this literature sur-
vey is that we know little about the physiologi-
cal effects of fire. Even such prerequisite infor-
mation as that on internal temperatures during
fires seems completely lacking. Investigations
of heat-induced changes in physiological pro-
cesses like respiration, translocation, and auxin
or enzyme reactions should lead to improved
ability to appraise wildfire damage, and to pro-
duce desired results by prescribed burning.
Physiological research may also provide meth-
ods for increasing the fire resistance of desir-
able trees through genetics or chemistry. The
closing section. of this paper is thus devoted to
present research needs in physiology, and to
possible experimental approaches.

No geographical limits have been placed on
this review; any preponderance of data from
the southern United States merely reflects the
greater use and occurrence of fire in this region.
Other aspects of fire research in the South
have been analyzed by Bruce (36)‘,  and Nelson
and Bruce (160).

TEMPERATURES ENCOUNTERED IN
FOREST FIRES

The temperatures to which a plant is sub-
jected depend on its distance from the flames

as well as on the intensity and duration of the
fire. Intensity and duration are determined by
such factors as the fuel (type, moisture content,
size, spatial distribution) (42),  the general
slope of the ground, and external atmospheric
influences like wind speed and relative humid-
ity.

In Air

Air temperatures during fires in various
types of fuel vary greatly. Convection columns
reached 1,100” F.’ 45 feet above a pile of
burning railroad ties (214). Flame temperature
(measured with an optical pyrometer) aver-
aged 1,600”, with a maximum of 2,000”. In
a running brush fire the convection column
reached 915” at 15 feet above the ground. In
fires in Appalachian hardwoods (161) maxi-
mum temperatures near the ground varied
from 1,112” to 1,832O. At 5 feet the maximum
was 392”, at 10 feet, 212”. Uggla (209) reported
maxima of more than 2,100” during slash fires
in pine and spruce stands in Sweden.

During experimental 1ires in a longleaf  pine
stand with a large accumulation of needle
litter ( 8-year rough) maximum temperatures
approached 1,600” (64). Maxima were some-
what higher immediately adjacent to tree
trunks (1,560”) than in the open (1,300”).
Radiation from heated bark surfaces and in-
duced convection currents close to the boles
presumably accounted for the difference. In
the open, temperature decreased consistently
with height above ground, but next to tree
trunks highest readings occurred 3 feet above
ground on the lee side.

Both temperature and duration of exposure
are greatly influenced by the wind. Headfires
develop considerably more heat than backfires
because the flames are fanned by the wind to
ignite new fuel ahead of the front, more fuel
burns per unit of time, and more aerial fuels
are consumed. Therefore, headfires usually
do more crown damage than backfires. In
backfires, where the heat is blown into the
burned area, progress of the flame front is
very much slower, and parts near the ground
are exposed to high temperatures for a longer
time.

‘Italic numbers in parentheses refer to Literature Cited, page 24.
2 Unless otherwise indicated, all temperatures are in Fahrenheit.

1



‘, .‘i
. : , : < , ; ; ; ;

In South Carolina, Lindenmuth -and Ryram
Gj

Wind and convection currents also affect 3
(127) measured heating at several levels with heat damage through the so-called chimney -!I
heavy-gauge thermocouples having approxi- effect. Almost invariably bark charring is
mately the heat capacity of buds of longleaf

“‘“f
highest on the leeward side of the trees. As .i

pine seedlings. The “temperature’ fatitor,‘” rep- the wind blows the flames around the bole a :.,$I
resenting both temperature and its duration, convection column rises on the protected side,

1 .&. *
w was greatest 5 inches above the ground in both

: j . , .
carrying the heat and flames up as in a chim- :_

headfires and backfires. Measured in thisway,
:/

ney. This occurs in both headfires and back- ‘$
backfires were consistently hotter below’ ‘18 fires. It is more pronounced in headfires be- ‘;1) inches, and headfires were hotter above this cause the leeward fuel has already burned .,$;
level. The fuel included much grass, which when the flame reaches the windward side in
burns with the base,of  the flames at a higher

,,_’
backfires. In the experimental burns men- .-T,

elevation than in unsupported pine litter. By- tioned above (64),  air maxima averaged 1,330” _.
ram (43) suggests that headfires in grassy fuels at 3 feet above ground on,  the lee side, and 716O ; . ::,
may do less damage close to the ground than on the windward. side. Backfire maxima aver- .  .

,backfires. aged 468” on the lee and. 282” to windward.
”

”
Measured with, fine thermocouples, .headfires At one foot and above, leeward maxima were _

in homogeneous. pine litter in koutberri Mis- up to 4 times as high as windward- maxima,

sissippi were generallybotter~  at all levels:than high temperatures were maintained longer, ‘,‘I

backfires (64).  !Maximum airtemper&~r&  -&d- : and cambiu‘m kill was considerably gr&ter. ‘:.
jaoent to $&see trunks : & ground :level  z@$both-’ , n soil

^‘_,‘,.; .I,: &_.’
‘_ je and wir;&apd  sides&the t ree )  aver&&l I ” .” ” I(li ;’

; i: ‘!-‘f

l,14j?&0. in .headGres: versus 9749 in batikfires:
.

,( ,, During 44 experimental’ fires in a diversity :
Pea& were at 1,526,” qd $j,325!,  re&&tively. of natural fuels in longleaf ‘pine ‘stands soil

At the I-foot leve‘l;  md; a~eraged..&95$~. ‘temperatures  a t  a  de@ o+, %$- to  $&inch
and 819” but ranged to 1,466’ for headfir+  and reached 2?4”,  but most readings at this depth :
.to 1,240” far. backfires. Headfire.  maxima were less than 175” (1&#)j ~Relow  M inch there

* showed little change up to 3 feet (average at was usually little or no rise, Thus the fires
3 ‘feet was 1,023” ), whereas bti&fire  .‘maxima probably had little .:dire@ ef&ct  on soil or
dropped rapidly with height ( avbrtige at 3 *feet underground plant org&ns; : (

. w&s  375”  j. In the openair,  away &orn, ‘tree
~.trunks,  air maxima, at then li%@r surf&ze .were Under natural burning conditions in. Aus+

1,306:  in .a ba&fire,’  J.;215O iriheadfires.  ,At tralia, surface temperatures r&ged  from. 178”

5 inches the .bael&re  :, maxi&m :-h&l. dropped to 416” (17).  A maximum of 153O was recorded
/ - ‘to, 6760; and, at 19 inches to 350”; as compared j 1 inch below the surfa& Ben&h a *pile  of._ burning slash the soil ,$-+&ed  238”  -at 1. ‘inchwith, 1,135” and 800”,  respectively, <for bead;

fires. Backfire temperatures continued to drop and 153 O at 3 inches. Dryness favored the

more rapidly than ,headfire temperatures with penetrationof  heat into tl& soil.

height. Thus in the&fuels;  bagkfires  may be The humus layer had .,a: ‘strong insulating
\ -hotter than beadfires, if ‘at all,, only at ,the sur- effect during a very hot fire, in.Swieden  (209).

face. Radiation from * the approaching flame Temperatures reached2,196°  in the air, 1,000”
front and, slow movement of the front may at the litter surface, but only -Z&9” .l%‘sinches
make backfires more. d&raging ’ at points close below the surface. in ,grass fueh~in~C.alifornia,

’ jo;:th~,,,g~o&d,:  .z;,;~’  ‘I  1_  .‘“. maximum 1 tempeiatures we+ 250°  & the sur-‘_ / ,’ ((
In gallberry-palmetto rough& of “Georgia ‘a face and 180°,  165’“, 145O,  and 135O,  respective-.

ly, at’deptbs of 1,2, 3, and.  4 inches (21;).,  With/ ” maximum of~f,696”  was m&sured  in headfires” heavy brush fuels soil -temperatures:  ranged_ et the l-foot ‘level, the temperature falling off
I with’height in a sloping curve (56):  Rackfires about 3 times as high as withgrass.

.I
) at one foot reached only 250”  to 669?,  but

In Plant Tissues.’ , maintained; this ;level:#r  ,several mmutes.  At,
4 fefeet,  head-fires .re&chod ..599O, backfir&.  125”. - Published data  on internal- plant t&per&.

, A~gain  bead&q did not, ;appear to l$e  “@joler tures during. forest fires are. la&king. Some
“<. near the ground;’ W&&S within ,.a. fe$-  inches. ,unp,ublished records have ‘be&n ob~ned of‘ ::; & . :. ::; . 5/ -+:,; ‘_(  I,

I j__,. 1 ‘j.“_ ,:
‘;_ 2 i:,: -.z*‘-‘- z ‘. ,_-J/)/> . . ,I,:-a.  : i,’ _ “ ., ...-3:. ~’  >’* .),  z. i .‘I? x .?. / T.l”. ._. ISii, ,) ‘..>,’ -,, : . ! <a. .;’,,< .:. ^?  ;.. _ j ,. . . , ‘ )”



cambium temperatures during both actual and
simulated forest fires. During natural-fuel
burns in the longleaf pine region of Mississippi,
maximum cambium temperatures varied from
85” to 500°  at the l’-foot level on the leeward
side (64). Maximum external temperatures at
this position were 550” to 1,460”. Bark thick-
ness averaged 0.62 inch.

Both pines and hardwoods were heated by
igniting an oil-saturated asbestos rope that had
been wrapped around the base of the bole (I 88).
Maxima on the bark surface 1 to 2 feet above
the rope ranged from 612 to 1,530”, indicating
fairly close approximation to a natural forest
fire. Cambium temperatures directly beneath
the external measuring points, varied from
80” to 520”. The average external temperature
in 40 tests was 1,054”, the average cambium
temperature 155”,  and the average bark thick-
ness 0.66 inch. In general, cambium tempera-
ture was related more to bark thickness than
to maximum external temperature or species.

GENERAL EFFECTS OF HIGH TEMPERATURE

Fire Effects

Fire injures trees physically by burning off
bark or causing it to slough off later, and by
killing leaves, buds, branches, roots, or portions
of cambium of the main stem. Loss of growth
frequently follows such injuries. If the damage
is great enough, such as complete defoliation
or girdling of the bole, the tree may die. Even
if death is not immediate, decay, insects, or
disease may enter through the fire wounds or
otherwise attack and ultimately kill the weak-
ened tree. In addition to such physical mani-
festations of heat injury there may be less
obvious effects on the physiology of the plant.

Fire scars .-Wounds may be either open or
hidden under the bark, in which case callus
may eventually bulge out and split the bark,
exposing the sapwood  (121, 122). Thirty-three
years after a fire in a lodgepole pine stand in
Alberta, 86 percent of the trees examined had
basal fire scars, averaging 4.7 feet in length
(163). Of 2,703 felled loblolly pines in Ala-
bama, 16 percent had one or more fire scars
(80).  Hardwoods in plots burned every fifth
year had more fire scars than those in annually
burned plots-34 percent vs. 27 percent (170).

Scarring from single fires in the South is

usually more serious in hardwood stands than
in pines. For various reasons southern pine
stands are burned more frequently than hard-
woods, so that fuel accumulations in pine types
are often too low to support very hot fires.
Resin flow in pines also helps prevent the entry
of decay; and they have relatively thick bark,
though bark thickness may be reduced slightly
by repeated fires (145).

Growth loss.-Loss of growth as a result of
fire damage varies considerably. For several
years following a fire, annual rings in western
yellow pine were severely reduced or missing,
depending on the amount of defoliation (54).
Growth is, of course, slowed by loss of leaves
for manufacturing food, but apparently basal
fire wounds have little effect on hardwood
growth (115). Even severe wounding of yel-
low-poplar and white oak stems did not de-
crease diameter growth, although growth of
scarlet oak on a poor site was reduced some-
what. Injured trees were not significantly
lower in moisture content, ash, nitrogen, or
carbohydrates, except that in scarlet oak foliar
nitrogen tended to be low in trees with large
wounds. Phloem and xylem near fire wounds
quickly became oriented in such a direction
as to favor passage around the wounds. Thus,
translocation of water, minerals, or food was
not seriously hampered.

In ponderosa pine a single fire reduced
height growth but not diameter growth (156).
In comparison with unburned controls, longleaf
pine saplings exposed to 5 years of annual
burning lost 20 percent in diameter growth and
25 percent in height growth; larger trees were
little affected (223). In another study of long-
leaf pine (146) three annual fires slowed both
diameter and height growth, especially in
younger trees. According to Wahlenberg (222),
a single fire causing heavy defoliation in sap-
ling or pole-sized longleaf  commonly results in
a loss equivalent to one full year’s height
growth, the loss being distributed over about
3 years.

In southern Mississippi and western Louisi-
ana, Stone (197)  compared the annual radial
growth of 1,200 longleaf  pines subjected to
numerous fires. Decrease during the first year
following a fire ranged from 0 to 65 percent
of the expected growth. Recovery was rapid
and usually complete in two to three years.





stem char died, whereas 90 percent of those
with over 80 percent char succumbed. Species
or diameter did not seem to affect results.

Ferguson (68) states that the pines most
likely to die after a fire are first, those with
all foliage consumed, second, those with com-
plete crown scorch plus severe bark burn, and
third, those with complete crown scorch or
severe basal damage alone. Of 975 fire-dam-
aged trees, 15 percent died. Summer fires
were twice as damaging as winter fires. Mc-
Culley (149) found that less than 70 percent
crown scorch is seldom fatal to slash pine over
5 feet tall, but that if part of the crown is con-
sumed mortality is much greater. He developed
a prediction equation for slash pine mortality
based on d.b.h., percent foliage scorched, and
percent foliage consumed.

Most healthy loblolly pines survived a 5-acre
hot spot in a prescribed summer burn in Vir-
ginia (4),  despite severe needle kill. Only the
smaller trees (87 percent scorch) were serious-
ly affected (48 percent mortality in trees 5
inches d.b.h. vs. 2 percent in 8-inch or larger
diameters).

Mortality in 30- to 40-year-old ponderosa
pines was correlated with crown scorch (143).
All trees with scorch exceeding 90 percent died
within two years, but little mortality occurred
with less than 80 percent crown scorch. Bark
scorch caused no mortality in trees of more
than 6 inches d.b.h. unless accompanied by
more than 80 percent crown scorch. On smaller
trees mortality was correlated with bark
scorch. Survival of fire-damaged ponderosa
pine is also discussed by Herman (ZOO).

On all reports thus far cited, mortality rates
were determined from selected injured trees,
hence the apparently high losses for large trees.
Bruce (34) summarized data on all exposed
trees on 479 plots in 188 wildfires, a total of
69,000 southern pines. No deaths were record-
ed in trees larger than 9 inches d.b.h.; 10 per-
cent died in the 6-inch class, and 40 percent
were lost from the l-inch class. Among seed-
lings between i/2 and 2 feet in height, the fires
killed 98 percent of the slash and loblolly, and
48 percent of the longleaf. Loblolly was gener-
ally most susceptible, longleaf  least. Contrast-
ed to the relatively low average mortality of
southern pines in most fires is the killing of
nearly all trees by very severe fires (24).

According to Wahlenberg (222) it is neces-
sary to wait until the end of the growing season
following the fire to predict mortality in long-
leaf pine. Even the apparent intensity of a
fire can be misleading. Six months after a slow
fire in a Texas loblolly-shortleaf stand, there
was no apparent damage to crowns or trunks.
But 12 months later many trees were dying,
and eventually about 10 percent succumbed.
Enough fuel had accumulated at the base of
large trees to permit the fire to burn deeply
into the bark in the lower foot of the trunk (71).

Seedlings of most species, being tender and
succulent, are very suspectible to fire. Long-
leaf pine in the grass stage is an exception
because of certain adaptations, including a
stout taproot,  thick bark, and protection of
the growing tip by heavy foliage and a position
below the zone of flames. When height growth
is beginning longleaf  is more vulnerable than in
the grass stage, but once well out of the grass
it excels all other southern pines in fire resist-
ance (222). Bruce (33) observed the effects

of winter fires on longleaf  seedlings. All vig-
orous yearling seedlings and about s/4  of those
in fair vigor survived. Mortality was corre-
lated with groundline diameter, all seedlings
0.20 inch or more in diameter surviving. The
tolerance of seedlings of other pine species to
artificial heat has been found (12, 223) to vary
more among individual plants than, among
species.

Root damage from fire has received little
attention. Heat penetration in moist soils is
very limited; dry soils provide less protection
(17). Heyward  (101) reported that a very hot
fire in Georgia killed all pine feeding roots
to a depth of one inch. Even though the great-
est concentration of pine roots is usually in
the top inch, he believed that little harm res-
sults even from such exceptional fires, since
the roots were quickly regenerated.

In dried swamps the high organic matter
may allow ground fires to burn, consuming
even large tree roots and killing the trees (101).
In Alaska, on sites where roots are shallow
and humus deep, ground fires may burn off
roots up to 9 inches in diameter (139).

Insects and decay .-Following fire, insects
and decay are responsible for much loss of
timber (95). Stickel (191) points out that in
appraising fire damage little attention is paid
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to trees with slight basal scorching if they re-
main green. But more than half of the fire-
scorched hardwoods examined six months after
a fire were infested with beetles. It has been
estimated that 97 percent of basal wounds are
caused by fire (99) and that 90 percent of butt
rots enter through these wounds (93).

In the Northeast, insects attack hardwoods
within a year after fire injury, but fungal  decay
may not be evident until the third year or even
later (193, 194). Of 30 species of wood-rotting
fungi identified in hardwoods of the Mississippi
Delta, 5: were responsible for half the decay.
Within 4 years the bark had sloughed off most
wounds and decay fungi had become well estab-
lished. Wounds less than 2 inches wide led
to no serious decay (206, 207).

Hepting and Blaisdell (97) reported that
sweetgum and persimmon were resistant to
decay infection through fire wounds. This re-
sistance was ascribed to the formation on the
wound surface of a hard zone of sapwood  cells,
heavily infiltrated with gum. Blocks of this
tissue, inoculated with decay fungi and incu-
bated in closed tubes, were able to resist decay
for a year. Copious flows of resin tend to keep
fungi out of wounds in pine. Intense heat per
se also promotes resin flow (personal observa-
tion).  Resin has no toxic effect but prevents
the entrance of fungi by its waterproofing
action (217).

Because fire wounds do not lead to decay
as frequently in southern pines as in hard-
woods, a scar, by itself, is a very uncertain
indication of rot. In contrast to the many
species of fungi which cause decay in hard-
woods and enter mainly through fire wounds,
most rot in shortleaf and loblolly pines in
Arkansas and Texas was red heart (Fomes
pini), which usually entered through branch
stubs (98). Polyporus schweinitzii caused some
cull in the butts, gaining entrance largely
through fire wounds. Lodgepole pine seems
less resistant to infection than southern pines;
45 percent of fire-scarred trees in Alberta had
infected wounds (163). However, there was
considerable resistance to rot, since 33 years
after the fire the wood evidenced no advanced
decay, only firm red stain.

Disease .-Diseases (other than decays 1 may
be influenced by fire, both positively and nega-
tively. Fire aids in controlling the brown-spot

needle blight of longleaf  pine seedlings, hut,
brown spot increases fire mortality of the stid-
lings by decreasing  their vigor and by adding
diseased needles to the fuel (35).

The fusiform rust disease on slash Pine is
also influenced by fire. Siggers  (185)  pres,.rib
burned in an attempt to reduce rust infe,+tion
primarily by killing infected branches. )fow:
ever, the end result was increased infwtiorr
presumably because the fires stimulatd  sui
ceptible new growth in early spring  whert
weather was favorable to spore germination
and growth, and when production of swridin
was at a peak. T h e  e f f e c t  o f  e a r l y  spril>g
growth on rust susceptibility is also shown
where slash pine is cultivated and fertilizd
(14, 27).

Like brown spot, fusiform rust infection in-
creases vulnerability of the tree to fire. The
disease not only reduces plant vigor, but a]lw
causes pitch to flow on and below the canker
which adds fuel (14).

Physiological effects.-Fire effects on plant
tissues are not well understood. Little is known
about effects of near-lethal high temperaturcr
on plant functions, or, in fact, on how hcnt
kills cells. Belehradek lists 5 general theories,
any or all of which may explain the mechanism
of heat injury to protoplasm. These are: coay-
ulation, heat destruction of enzymes, asphyxia-
tion, intoxication, and lipoid liberation.

Coagulation of the proteins in protoplrwm
is the oldest and most widely accepted theollt’
(20). This process seems to progress from an
increase in permeability to a visible coagub-
tion of the protoplast (39). Two common obj=-
tions are that proteins usually require higher
than lethal temperatures for coagulation. and
that coagulative changes in the beginning a*
reversible in protoplasm but irreversible in
proteins.

Heilbrunn (94) advances the idea that Co%-
ulation depends primarily on the a&ion  of
heat on fats and lipoids which are emulsified
in all living matter. These fats are easily
liquefied at lethal temperatures and their liqut’-
caction, or solution, general19  results in coaV-
lation of the protoplasm. Small quantities  *f
fat solvents such as ether promote heat co%“-
lation of both plant and animal protoPILasm.
Like heat, ether in dilute solution increases  thr
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fluidity of protoplasm, whereas at slightly
higher concentrations it causes coagulation. In
both animals and plants there seems to be a
correlation between lethal temperatures and
fat melting points, the less heat-resistant organ-
isms having endogenous fats with lower melt-
ing points.

Fire may influence some physiological func-
tions indirectly. In hardwoods basal wounds
had little effect on translocation, since nearby
conductive elements became quickly reoriented
to maintain transport around the wound (115).
In pines, defoliation by fire increased the mois-
ture content of the upper stems (179) and ap-
peared thereby to lessen the attractiveness of
the trees to beetles immediately after the fire.
Defoliated trees averaged 91 percent moisture
content above the base, as compared to 64 per-
cent in normal trees. Apparently, transpiration
in the foliated trees reduced moisture content
in the upper stem. Another indirect physio-
logical effect of severe fires may be to reduce
the incidence of mycorrhizae, known to be
important in tree nutrition, on roots in the
upper soil layer (240).

Loss of food production may not be the only
factor retarding the growth of fire-defoliated
trees. Oland (164) quotes Murneek to the effect
that prior to natural abscission some 40 to 50
percent of the total nitrogen of the leaves is
reabsorbed by the tree. This nitrogen is an
important source of reserves for use the follow-
ing season. Thus premature defoliation, at
least of deciduous trees, may result in a loss
of nitrogen to the plant.

Other possible physiological effects of fire
on such life processes as respiration and en-
zyme action have not been reported.

Insolation Effects

Not all heat injury is caused by fire. The
direct heat of the sun occasionally wounds
plants, e.g., sunscald  of tree trunks in winter
and the “white spot” lesions of tree seedlings
at groundline (134). The latter effect is in-
creased by anything which raises the soil sur-
face temperature, such as dryness, duff, and
litter. The temperature in a sawdust mulch
may be as much as 17” higher than in bare
soil (150). Surface soil temperatures up to
160” in the sun were recorded by Baker (12).

Conifer seedlings were killed at these tempera-
tures, but were able to survive surface temper-
atures of 140” to 150” with little injury, be-
cause the plants were generally 15” to 20”
cooler than the soil surface.

When insolation raises cambium tempera-
tures, less heat is required from a fire to bring
the tissue to a lethal level. Eggert (60) meas-
ured over 80” in the cambium of peach trees
on the south side while cambium on the north
side and air temperature were below 32”;
Bergstrom (22) reports a difference of 13’. A
fire under these conditions would be expected
to cause more injury on the south side, other
factors being equal. Internal leaf temperatures
in sunlight may exceed air temperature by 25”
or more (8, 39, 51, 119).

EFFECTS OF FIRE ON SOILS

Although fire effects on soil as such are
beyond the scope of this review, soil changes
by heat do affect the growth of plants, hence
constitute an indirect fire effect.

Probably because many factors influence
the results, authorities differ as to whether fire
is detrimental to forest soils. On some points
there is general agreement. The ash deposit
from a fire increases available phosphorus,
potassium, calcium, and magnesium (2, 11, 40,
74, 102, 106, 139, 209, 218).  The alkaline ash
decreases soil acidity, thereby stimulating nitri-
fication (5, 13, 15,200,239).  Thus soil is gener-
ally improved chemically by fire. While con-
sumption of organic matter may decrease total
nitrogen in the upper inch (5, 11, 15, 74),  the
sharp increase in nitrification is reflected in
more luxuriant growth of vegetation, particu-
larly grasses and herbs (13). This fact has given
to the southern stockman his strongest argu-
ment for frequent burning of forest lands. Most
forest trees do not seem to be significantly af-
fected by chemical soil changes brought about
by fire (200),  but growth of seedlings may be
stimulated. In a greenhouse study slash pine
seedlings grew better on burned-over than on
unburned soil (221); and growth of loblolly
pine seedlings in Louisiana was much better
for the first three years on plots where hard-
wood slash had been burned than in an un-
burned clearing (3). Phosphorus, potassium,
and magnesium were all much higher on
burned plots, and remained higher for at least
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two years. In .Alaska forest soils are said to
be benefited by fire, both chemically and physi-
tally  (138, 139).

Ahlgren (2) found that, while soil nutrients
were at maximum right after fire, they re-
mained high up to 5 years. Many herbaceous
species grew rapidly and displayed marked
lushness in size, color, and leaf thickness the
first few years (especially the first year) after
a fire. Sunflower and oats grown in.a green-
house on burned-over field soils were heavier
and more vigorous than those on similar soils
that had not been burned over.

Wahlenberg (221) reports that 10 years of
protection from fire improved the physical but
not the chemical properties of soil from the
longleaf pine region. By removing litter and
exposing soil to rain, fire can reduce porosity
and infiltration rates. Protection from fire soon
changes the A, horizon from a dense structure
to one that is easily penetrable and porous
(103). This effect is ascribed both to the pud-
dling effect of rain and to the action of soil
faunas which are greatly reduced in frequently
burned-over soils (107).  In the Northwest soil
bacteria and actinomycetes were found to in-
crease after severe burning (239),  but fungi
decreased.

Sometimes organic matter is increased by
burning, owing to stimulation of grass growth
and incorporation of roots into the soil. After
8 years of annual grass fires, Mississippi soils
had 60 percent more organic matter and 50
percent more nitrogen than similar soils in
unburned areas. Forage growth was doubled
and soil moisture was not decreased (86).

Alway and Rost (5) likewise found no effect
on moisture equivalent, but Austin and Baisin-
ger (11)  report lower waterholding capacity
just after a fire. An immediate effect may
be to reduce soil moisture near the surface,
but by removal of shallow-rooted plants and
formation of loose mulch fire may also increase
soil moisture (105).

Soil texture and structure were not appreci-
ably altered by fire in Alaska, since changes
require fusion or baking of mineral particles
into larger units, which rarely occurred (139).
In most undisturbed mineral soils the low or-
ganic content was not conducive to aggregate
formation so burning had little effect on soil
aggregates.

In some western soils fire seems to increase
porosity. Brush burning markedly improved
permeability of surface layers, degree of aggre-
gation, and infiltration rates (181). In the
ponderosa pine region both percolation rate
and macroscopic pore volume were increased
(201); the fire was moderate and no incorpor-
ated humus was consumed, but the effect may
have partially resulted from the burning of
dead roots a few inches into the soil. Improved

aggregation resulting from the release of basic
ash material may also have contributed to the
increased volume of macroscopic pores.

Bruce (31) found no significant difference
between soils of south Mississippi that had not
burned for 13 years and those burned over 3
times in the interval, and Heyward  (102) con-
eludes.  that fire neither definitely harms nor
benefits soils of the longleaf pine region.

EFFECTS OF FIRE ON PLANT ASSOCIATIONS

Fire profoundly influences the flora and
fauna of a community. The changes in plant
ecology depend on such factors as the intensity
and frequency of the burns, how many of each
species survive, and the capacity of each species
to regenerate. Chemical and physical changes
in the soil, and exposure to erosion, may also
influence the end result. Benefits from pre-
scribed fires, such as release of pines from
hardwood competition, promotion of grass for
grazing, and improving conditions for wildlife,
all depend on ecological changes brought about
by fire.

Most ecologists recognize the existence of
a fire subclimax, in which certain timber
types, notably pines, owe their existence to
periodic fires that prevent taking-over by the
climax type. Where the climax type is less
desirable man may use fire to maintain the
subclimax stage. Little and Moore (130) cite
references which indicate that fire may have
had an important role in maintaining such
types as Douglas-fir, paper birch, and various
pines ( pitch, shortleaf, longleaf, loblolly, east-
ern and western white, lodgepole, and ponder-
osa)  . Slash pine should no doubt be included
also. The frequency of burning makes fire a
major ecological factor in southern pine forests.
Garren (81) states that longleaf  pine, and pos-
sibly scrub oak, require occasional winter fires
for their survival, although annual burning
is detrimental.
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Fire Ecology

Two principal grasses, Curtis dropseed  and
pineland  threeawn, may make up half the
herbaceous ground cover in the flatwoods of
Georgia, since they are adapted to survival by
having their meristems 1.5 inches underground
(125). In the western portion of the longleaf
belt species of Andropogon (bluestems) usually
predominate (222). These grasses are import-
ant for maintaining structure and organic mat-
ter in the soil, and for furnishing fuel. Like
longleaf pine, they are well adapted to fire.
The “fire-followers” include a large number of
species abundant mainly the first year after
fire. Most of the forbs in this group are com-
posites and various legumes (110). Ahlgren (2)
lists a number of species which he found only
on burned sites.

The fire succession pattern in ungrazed up-
land southern pine forests is forbs-to-perennial-
grasses-to-perennial-woody-species a n d de-
pends on the seeding and sprouting habits of
the species (110). In the first growing season
after burning, the cover of forbs increased and
grass and shrubs decreased. After 2% grow-
ing seasons grass recovered completely, and
sprout growth more than replaced hardwood
cover under 6 feet. Burning of Ozark hard-
woods increased both the number of species
and the number of individual plants of most
species of grasses, forbs, and ‘mosses (170).

In northeastern Minnesota jack pine, black
spruce, quaking aspen, and paper birch re-
produced vigorously on burned-over land (1).
Seedbed  conditions were generally improved
except where burning was slight. Similar ef-
fects are reported from Alaska (138, 139),
where climax stands of white and black spruce
are being replaced by shorter-lived hardwoods
(paper birch, quaking aspen, balsam poplar)
as a result of fires, largely man-made. These
hardwoods are able to invade fire-killed areas
by virtue of their prolific sprouting and small
seed, easily dispersed by wind. The semisero-
tinous cones of black spruce, however, are
opened by fire, resulting in pure, even-aged
stands of this species in some areas following
fire.

In boreal forests fire may raise soil tempera-
tures by burning off the heavy layer of insu-
lating duff, by blackening from charcoal, and
by removing foliar shade, thus increasing ab-

sorption of solar radiation. The result is a
downward retreat of the permafrost, which
may greatly stimulate later tree growth (138).

On upland sites in New Jersey fire elimina-
ted or greatly reduced shade-tolerant species
and those reproducing by seed (29). Hemlock,
beech, birch, and white pine were replaced by
intolerant sprouting species like white, scarlet,
and black oak, and pitch pine.

After a fire in California killed all above-
ground plant parts, manzanita, gooseberry, and
deerbrush (173) took over. Seeds of these fire-
type species are very heat resistant, surviving
for 20 minutes or more in boiling water.

Fire exclusion in areas previously subject
to periodic fires also has profound ecological
effects. In northern Arizona (53) and on the
Pacific slope (230, 234),  the forests up until
the present century were open and parklike.
As a result of overgrazing and fire protection,
a dense understory has developed, grass has
disappeared, and erosion increased. Competi-
tion for moisture seems to have enhanced sus-
ceptibility to bark-beetle attack. Prescribed
fires have been suggested to prevent stagnation
and reduce fuel hazard. Similar results in
some portions of the longleaf-slash pine belt
following complete exclusion of fire led to the
present acceptance of prescribed burning.

Beneficial Fire Effects-Prescribed Burning

The use of fire for various silvicultural pur-
poses, called prescribed burning, was approved
by the U. S. Forest Service about 1942, some 13
years after the Southern Forest Experiment
Station had initiated studies on the effects of
fire on longleaf  pine (92). The concept of pre-
scribed burning has been explained by likening
the forest manager to a physician who must
examine his patient, analyze the findings, and
prescribe what, in his opinion, is the remedy
(52). It has been defined as: “Skillful appli-
cation of natural fuels under conditions of
weather, fuel moisture’, soil moisture, etc., that
will allow confinement of the fire to a pre-
determined area and at the same time will
produce the intensity of heat and rate of spread
required to accomplish certain planned bene-
fits. . . . Its objective is to employ fire scien-
tifically to realize maximum net benefits at
minimum damage and acceptable cost.” (212).
Most or all of the benefits of prescribed burning
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could be obtained by other means, but the
advantages of fire is its low cost (70).

In the South fire is frequently employed for
seedbed  preparation, control of brown-spot dis-
ease, release of longleaf seedlings to promote
height growth, control of brush competition,
reduction of hazardous fuel, and preparation
for planting (23, 24, 25, 28, 37, 48, 69, 70).
Stoddard (192) discusses uses of fire in wildlife
management. Fire is also widely employed
for improvement of grazing, often to the detri-
ment of the forest (92). As has been noted,
either complete exclusion or too frequent burn-
ing may be undesirable (57).

Control of brown-spot disease (Scimhia aci-
cola) on longleaf pine seedlings is one of the
most important uses of fire in the South. Seed-
lings annually defoliated by this disease do not
make height growth and eventually succumb.
Wakeley (224) states that, to control this dis-
ease, “Prescribed burns should be thorough
enough to reach practically all infected seed-
lings, and hot enough to brown, though pre-
ferably not hot enough to consume, all needles
as high up as infection extends on the seed-
lings.” Verrall (216) has shown that tempera-
tures lethal to leaf tissue are also lethal to the
fungus, even though not hot enough to consume
or char the needles.

Burns properly made before infection has
sapped vitality will greatly reduce the disease
without killing the plants. By reducing the
number of spores available to infect new need-
les the following spring, the burns permit seed-
lings to retain a full crown of healthy needles
(32). Fire is an effective preventive because
brown-spot spores under usual conditions are
disseminated in appreciable numbers only for
short distances. As annual defoliation by either
fire or disease prevents height growth (224),
Siggers recommends burning at three-year in-
tervals (184). Wakeley and Muntz (225) com-
pared 11-year-old longleaf  pines on a plot
burned twice with unburned controls of the
same age. On burned plots 64 percent of the
seedlings were above 4% feet tall, as compared
to only 22 percent on the unburned plots. At
the time of the first burn brown spot had killed
87 percent of the foliage; the unburned stand
continued to be heavily infected.

Because it is large and firmly attached to
its wing, longleaf seed will not’ easily sift

through vegetative ground cover. It germin-
ates promptly and may do so precociously if
temporarily prevented from reaching mineral
soil. Burning in advance of seedfall is there-
fore common practice in longleaf  silviculture.

Prescribed burns are frequently made in
the South to control undesirable hardwoods,
since these are generally more vulnerable to
fire than the pines. Ferguson (69,701, in Texas,
reports temporary control of hardwoods less
than 1.5 inches d.b.h. and substantial control
of larger ones by single headfires in summer,
Successive burns at l- to 5-year intervals can
check competing hardwoods at low cost. One
burn may suffice to improve seedbeds. Grow-
ing-season headfires are generally most effec-
tive.

Prescribed burning has a definite place in
the management of even-aged loblolly  pine on
the Coastal Plain (136, 137). An initial dor-
mant season fire to reduce rough is followed
by three annual light summer fires to kill
hardwoods.

Little (228)  reports successful applications of
fire in the Northeast. In the pine-oak forests
of southern New Jersey fire is necessary to
maintain or create the subclimax pine stage
(129,130). To completely kill small hardwoods,
prescribed burns must be started as soon as
the pines are large enough, and repeated every
5 years. LeBarron (124) recommends burning
to maintain and regenerate timber types in
northeastern Washington. As mentioned above,
Weaver (230,231,232,233,234)  makes a strong
case for prescribed burning in the ponderosa
pine forests of the Pacific Slope, both to thin
young stands and to control fuel accumulation.

Morris and Mowat  (156),  in a study of one
of Weaver’s burns, found that competition on
potential crop trees (selected individuals) had
been reduced from 2,410 trees to 895 trees
per acre. Forty-six percent of the crown was
scorched, and 20 percent of the trees developed
fire scars, but in 6 years the crop trees grew 36
percent more in diameter and 7 percent more
in height than those on unburned plots. Cause
of the accelerated growth in excess of benefits
from thinning is unknown, but improved soil
characteristics may have contributed. They
conclude that fire may be an effective thinning
tool in ponderosa stands under the right condi-
tions. Decay following fire is not a problem
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with this species since wounds seldom become
infected.

In northern Michigan, prescribed burning
promotes regeneration. of jack pine following
harvest of mature stands (18). Temperatures of
over 122” are needed to melt the resin which
seals the cone scales together; without fire the
seeds remain bound in the cone indefinitely.

According to Uggla (210) fire is being used
to an increasing extent in silviculture in north-
ern Sweden. Low temperatures inhibit chemi-
cal weathering and soil organism activity which
normally promote incorporation of humus into
mineral soil. Controlled burning when soil is
not too dry is the most efficient method of ac-
tivating the humus, and of reducing the labor
of planting and sowing on such land. On this
basis and others, Lutz (139) believes that pre-
scribed burning may also have a place in
Alaska.

LETHAL TEMPERATURES

Much of the research on heat tolerance and
lethal temperatures in plants has been in rela-
tion to insolation damage, but the data should
be applicable to fire effects. The external
temperature which may be lethal for a given
plant tissue depends on many factors-the
initial temperature of the tissue, insulating
qualities of dead tissue such as bark which
separates the living cells from the heat source,
physiological condition of the protoplasm, and
length of exposure.

The relationship between time and tempera-
ture is exponential (within the biokinetic, or
“living temperature” zone), so that as the
temperature is raised the critical time moves
from infinity slowly, then approaches zero very
rapidly. Thus a fairly high temperature may
cause no apparent injury during comparatively
long exposures, whereas a few degrees higher
will kill in a brief time. Baker (12) explained
this phenomenon on the basis that coagulation
of the protoplasm causing death is an exother-
mic process, causing a kind of chain reaction
like an explosion. Therefore, its rate does not
conform to the van’t Hoff-Arrhenius law that
the speed of chemical reaction is doubled with
every 10” C. rise in temperature. The effect of
temperature on reaction time is called the
‘Ltemperature coefficient” or “Q” value. When

the reaction speed is doubled with a 10” C. rise
in temperature, the coefficient is 2 for lo”, or
Q1,=2.

Lorenz (134) obtained Q, ,, values between
3.6 and 360 in 5 tree species. These unusually
high coefficients are also associated with the
coagulation of proteins, a fact considered by
many to lend support to the coagulation theory
of heat injury. However, certain other chemi-
cal reactions yield a similarly high temperature
coefficient, e.g., the action of hot water on
starch grains, with a Qlo between 57 and
83,900 (20).

It is apparent from the above discussion that
the term “lethal temperature” has little mean-
ing unless the time factor is also indicated. The
time required for killing bacteria by heat in-
creased in a geometrical progression as the
temperature was lowered arithmetically (26).

According to a number of workers the ther-
mal death point at the cellular level for average
mesophytic plants lies between 122” and 131”
F.; 140” is frequently given as lethal for the
plant as a whole. Baker (12) includes a table on
the influence of high temperatures on different
plants, compiled from the data of a number of
investigators. Minimum lethal temperatures
for some 20 species varied from 113” to 139”.
Only cacti could survive over 140”

Seedlings

Seedlings have been used most frequently
in studying lethal temperatures.

Baker (lZj,  Lorenz (134),  and Shirley (183)
investigated the lethal temperature-time curves
of tree tissues by heating seedlings in a water
bath. Baker studied stem injury in conifers by
heating the tops only, the roots being protected
in soil or water. Monterey pine was killed in
2 minutes at 130” or in 5 minutes at 125”. Fif-
teen minutes at 120” caused little injury. Lo-
renz used a neutral red stain to identify living
cortical parenchyma cells of 5 tree species after
heat treatment. Thirty minutes at 135” or 1
minute at 152” was lethal, with no marked
difference between species. His “lethal temp-
eratures” were much higher than Baker’s, be-
cause the two workers were measuring differ-
ent things. Even though the stain indicated
that cells were still alive after exposure to
135” or more, it is doubtful if a plant so treated

11



would survive if planted out. Shirley, working
with 4 species of conifers, found that heat tol-
erance increased with age and mass and that
tops were more resistant than roots. The ex-
ternal killing temperature was approximately
the same for all species.

Dry heat gave results similar to those ob-
tained in water baths. Baker (12) measured
both internal and external stem temperatures
of several conifers planted in soil and exposed
to artificial radiant heat plus sunshine. Seed-
lings were killed quickly at 131” but withstood
a few degrees lower for some time. Although
no specific differences were found in internal
lethal temperatures, species varied somewhat
in their tolerance to external heat. Tolerance
increased with age but not on a cellular level
(12). Seedlings of western conifers were killed
when the tops were exposed to 141” for 1
minute (16).  Resistance to hot sand sprinkled
over the tops of 4 species of c.onifer  seedlings
increased with age, presumably a result of in-
creased lignification (178). Temperatures up
to 120” caused little injury. Above this temp-
erature heat tolerance varied with species, de-
pending on anatomical and transpirational fac-
tors.

Ursic (213)  heated entire loblolly pine seed-
lings by placing an electric light in a bundle
of seedlings and moist moss. He concluded that
seedlings from bales that have been heated to
over 122O, even for a short time, should not
be planted. Two hours at 130° was lethal.

Stems and Roots

Stems and roots of mature plants have ap-
parently received little study in regard to lethal
temperatures. Ursic (213) immersed roots of
loblolly pine seedlings in hot water; 129” for
5 minutes was generally lethal, as was 122”
for 30 minutes, or 118” for 2 hours. Tolerance
of individual seedlings varied considerably. In
a similar study, 125 ’ for 17 minutes was lethal
for both slash pine and sand pine (82),  while
120” was mostly lethal to sand pine but only
slightly so to slash. Neither species was af-
fected by 116” for 25 minutes.

Leaves

Leaves, being thin and unprotected, are
easily killed by fire. Nelson (159) immersed

needles of southern pines in hot water, and
observed yellowing as a symptom of death.
Average lethal temperatures for the 3 species
were 147” for 3 seconds, 142” for 5 seconds,
140” for 31 seconds, and 126” for 11 minutes.
Species differences were small.

Konis (1191, Kurtz  (120),  and MacDougal
(144)  measured the internal temperatures of
various xerophytic plants under intense insola-
tion. Cactus continued growing even when
the internal temperature reached 137”, and it
could tolerate 144” without injury (120, 144).
The mechanism permitting such heat tolerance
is not known, but Konis explains it on the
basis of ‘dehydration of the protoplasm. Dur-
ing the warm season in Palestine leaves of
heat-resistant plants contain relatively small
amounts of water and have consequently high
osmotic values. Plants with the highest osmotic
values are generally the most heat-resistant,
and vice versa. Younger leaves have lower
heat resistance and lower osmotic values. Konis
placed leaves of several species of maquis
plants in blackened bottles in the sunshine.
The lethal temperature varied between species
(127 to 138” 1, but was always several degrees
higher than the maximum observed in nature.
Thus the plants should never be damaged by
extreme solar heat alone, although desiccation
plus high temperatures may cause injury.
Young leaves, more sensitive to heat, are not
produced in the dry season.

Seeds

Seeds are apt to be the most heat-resistant
stage in the life cycle of the plant. Frequently
the embryo is protected by a tough seed coat
and the seed itself may be insulated by a hard
woody fruit. If it becomes buried under even
a shallow layer of earth, it is further protected
from fire.

Fire promotes the germination of many Aus-
tralian tree seeds by drying up and cracking
open the fruit (17).  Dry seeds of several native
species withstood 230” for 4 hours. In water,
soft seeds were killed in 5 minutes at 140”
to 180”, but some hard seeds withstood 70
minutes in boiling water.

Carmichael (44) also found that heat resist-
ance of seeds was inversely correlated with
moisture content. At 10 percent relative hu-
midity red pine, jack pine, and black spruce
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seeds were scarcely injured by ‘180” for 70
hours. At 20 percent relative humidity, 50
hours was the limit, and at 30 percent more
than 10 hours greatly reduced germination.
Temperatures lethal to the seeds of 7 weed
species from 5 families ranged from 185” to
220” with 15 minutes of exposure (212). Per-
cent of germination diminished rapidly as the
lethal point for all seeds was neared, indicating
that proteins may have been coagulated or
enzymes inactivated at these temperatures.
According to Sampson (180) most dry seeds
are killed by 5 minutes’ exposure at 250” to
300”.

In contrast to the low heat resistance of most
moist seeds, ceanothus seeds survived 25 min-
utes in boiling water (173).

Beaufait (18) found that jack pine seeds are
extremely heat resistant; when cones contain-
ing seed were heated to 900” for 30 seconds
there was no adverse effect on germination,
but 60 seconds at this temperature ignited the
cones and was lethal to the seeds. Three min-
utes at 700” was required to kill the seeds,
cones being ashed  under this treatment. As
prescribed fires do not normally ash the cones
of standing trees, Beaufait concludes that they
do not markedly affect seed viability. When
seeds unprotected by cone scales were sub-
jected to temperatures up to l,OOO”,  viability
did not decrease significantly lmtil the wings
ashed  and the seed coats cracked. Lethal ex-
posures for 700” ranged between 10 and 15
seconds; for 1,000” between 0 and 5 seconds.

VARIABLES AFFECTING HEAT INJURY

Temperature and its duration, the two prin-
cipal factors outside of the plant that control
heat injury, have already been discussed. Wind,
as it affects both of these factors, has likewise
been mentioned. A number of internal vari-
ables also influence fire resistance.

Physical Factors in Heat Resistance

Initial temperatures and season,-Byram
(41, 43) emphasizes the importance of initial
tissue temperature on fire resistance. If 140”
is lethal, plants at 50” can endure twice as
much heat as those at 95”. The difference in
initial temperature is probably the most im-
portant reason why greater damage results
from summer than from winter fires, particu-

larly with evergreen species. Thus Cary (45)
states that whereas summer fires often kill
large trees and seriously reduce growth, dor-
mant-season burns tend to cause little damage.
More trees died in loblolly-shortleaf plantings .
burned in August than in those burned in
January (110). In east Texas summer fires
killed twice as many pines as winter fires (68),
and headfires in summer were most effective
in controlling hardwoods (69).

Direct radiation from the sun may increase
plant temperature above that of the air and
thus accentuate fire damage, as already men-
tioned. Another factor with deciduous plants
is that they have no foliage to be injured or
to provide aerial fuel during the dormant
season.

Transpiration, thermal emissivity.-Theoret-
ically transpiration should cool the leaf by
removing the latent heat of vaporization, but
the practical importance of this process has
long been debated. Shirley (183) found the
heat resistance of conifer seedlings to be higher
in air than in water, and highest in dry air.
This difference he ascribed to the cooling effect
of transpiration. However, transpiration in lob-
1011~ pine seems to be more a function of avail-
able soil water and insolation than of atmos-
pheric humidity (204). Transpiration continued
even in a saturated atmosphere. The accelera-
ting effect of radiation on transpiration seems
to depend on temperature differences between
the air and the leaf. But no evidence was ob-
tained to indicate cooling by transpiration,
since actively transpiring leaves were not sig-
nificantly cooler than those reduced to the
wilting point.

Reynolds (175) suggests that the evaporative
cooling effect of transpiration may extend into
the interior of the bole. He kept continuous
records for 4 years of air, cambium, and center
temperatures of a cottonwood tree. Under
certain environmental conditions he observed
a distinct thermostatic action controlling in-
ternal temperatures. He ascribed this to trans-
piration, since it was apparent only when the
tree was in foliage. When the air temperature
rose rapidly in summer the center temperature
began dropping. He theorizes that tension in
the water columns resulting from rapid trans-
piration causes water to evaporate, thus cool-
ing the tree and keeping the cambium tempera-
ture below that of the air.
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Thermal emissivity of a leaf has been defined
as the number of calories of heat given off per
minute from a square centimeter of leaf surface
for each degree of temperature difference be-
tween the leaf and the air (229). It is thus a
measure of the radiation properties of a surface.
According to Watson (228) emissivity rather
than transpiration is the chief agent in pre-
venting solar overheating of plant tissue; the
proportion of available energy absorbed in
transpiration does not indicate its true cooling
value. Clum (51) found no consistent correla-
tion between transpiration and leaf-air temp-
erature difference, although leaves coated with
Vaseline were from 2” to 4” C. higher than tran-
spiring leaves. Leaf temperature depended on
insolation and not on water content, for a tur-
gid leaf varied over as great a range as a dried
one. He concluded that radiation and convec-
tion are more important than transpiration in
controlling leaf temperatures. The two or three
degrees that transpiration may cool the leaf
are probably not important in protecting it
from intense sunlight. Ansari  and Loomis (8)
essentially agree and conclude that leaf temp-
eratures are controlled primarily by air temp-
erature, radiation, air movement, and leaf mass,
and only to a smaller and frequently insignifi-
cant extent by transpiration. In daylight leaf
temperatures were always higher than air
temperatures, and some leaves rose 20” above
air temperature in 60 seconds when exposed
to direct sunlight. Wilted leaves showed temp-
erature-time curves similar to those of turgid
leaves, with only a 2” difference accounted for
by transpiration.
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Thus thermal emissivity, and to a lesser ex-
tent, transpiration and other factors, may effect
fire injury by their influence on initial temp-
erature. Thermal emissivity may also play a
direct part in fire damage. Radiation, particu-
larly from a slow-moving backfire on the lee-
ward side of the tree, raised the temperature of
bark (and no doubt low foliage) considerably
before the flame front arrived (64). This heat
would be transmitted through the bark by con-
duction and raise the temperature of the cam-
bium. The increase in initial temperature of
living tissue from preliminary radiation may
result in more injury as the flame passes the
tree. The effect was especially evident from
one to three feet above ground, where air temp-
eratures on the trunk commonly reached sev-

era1  hundred degrees minutes before the flame
front arrived.

Natural insztlation.-Living  cells in woody
plants are insulated from excessive heat in va-
rious ways. Bark, with its numerous air cells
and abundance of cork, is an excellent insulator
(47),  its efficiency varying with thickness,
composition, structure, density, and moisture
content ($5).  Cracks and fissures may be weak
spots in the armor (76),  but tests with longleaf
pine indicate that the dead air space may act
as an insulator (64). During fires air tempera-
tures in fissures were as much as 500” lower
than the air above adjacent bark plates.

Bark thickness has often been linked with
fire resistance (190),  but other factors, mainly
percentage of cork or outer bark, may override
the effect of thickness (195). More than 1,000
tests on living trees of 14 species indicated that,
for the same thickness, the bark of southern
conifers (pines, baldcypress) was twice as good
an insulator as that of cherry, holly, or sweet-
gum (91). Other hardwoods were intermediate
in cambial fire resistance for a given bark
thickness, except that the magnolias were rela-
tively resistant.

Thermal conductivity of wood increases with
moisture content (202); this is in contrast to
the situation in soils, where moisture decreases
heat penetration (17). Thus, if bark behaves as
wood does, high moisture content may reduce
its protection to the cambium. Amount of
water in bark and wood fluctuates seasonally,
being highest in spring and lowest in fall for
most species (83). The obvious inference is
that bark affords the best protection to trees
in fall and winter, the least in spring. If the
xylem acts as an effective heat sink, fluctuation
in wood moisture content also increases fire
resistance in fall and winter.

Bark characteristics are much more import-
ant in fire resistance than is indicated by their
brief mention here. A forthcoming publication
by Spalt and Reifsnyder (189) reviews knowl-
edge on this subject comprehensively.

Examples of insulating tissues other than
bark include seed coats, fruits, and bud scales.
In some instances the position of the sensitive
growing tip offers protection. Chapman (48)
wrapped tissue paper around the buds of long-
leaf seedlings 1 to 3 feet high and found it un-
scorched after a hot fire. Apparently, insula-



tion was provided by dense surrounding foliage,
which was seared to within 3 inches of the
paper. Little and Somes (131) point out that
sprouting of pitch and shortleaf pine after a
fire depends on dormant buds being protected
by the basal crook of the seedlings, as well as
by relatively thick bark.

Intermediate Factors in Heat Resistance

Species.-Specific differences in heat toler-
ance apparently stem more from external fac-
tors such as insulation than from any differen-
ces on the cellular level. Baker (13) states:
“There is no evidence that the protoplasm of
one species of vascular plant has a higher
thermal tolerance than that of another when
the protoplasm is well-hydrated and in an ac-
tively functional state.” The importance of
“well-hydrated” protoplasm must be stressed,
for dehydration increases both heat and cold
resistance (127).  Since polar or xerophytic
plants have few, if any, morphological features
enabling them to withstand extremes of temp-
erature, it is obvious that their heat and cold
resistance must depend almost entirely on the
composition or condition of the protoplasm
(144). The protoplasm of many xerophytes
contains large amounts of mucilages or pento-
sans that are unharmed by boiling and have
great water-holding capacity.

Baker (12),  Lorenz (134),  and Shirley (183)
found no significant differences between spe-
cies of tree seedlings in relation to lethal temp-
eratures. But Weddell and Ware (235) ob-
tained large species differences in the survival
of southern pine seedlings burned two years
after planting: loblolly 18 percent survival,
slash 32 percent, shortleaf (including sprouts)
56 percent, and longleaf  58 percent.

Variables between species that may affect
relative fire resistance include bark thickness
and composition, growth form, sprouting abil-
ity, typical growing site, and fuel accumulation
in a typical site (190). Various attempts have
been made to classify United States trees on
the basis of their fire tolerance (55, 73, 190).
In the eastern United States longleaf  pine is
rated highest, followed by various other
southern pines. These species occur in fairly
open stands and have a relatively thick bark,
a high open crown, and deep roots. Least re-
sistant are certain hardwoods, firs, cedars, and
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spruces which grow in dense stands, and have
thin bark, low dense crowns, and shallow roots.
Allen (4) found hardwoods, especially the oaks
and holly, less resistant than loblolly pine.
Blackgum  seemed more resistant than the
other hardwoods. Jameson  (213)  found pinyon
and juniper tissue much more resistant to heat
and desiccation than the tissue of various grass-
es. Nakamura (157) rated 74 Japanese tree
species according to the relative inflammability
of their leaves and twigs.

Age and size.-The fire resistance of any tree
increases with lignification, diameter, bark
thickness, and elevation of the crown, all com-
monly associated with age (12, 33, 170, 178,
222). Longleaf  pine is a partial exception to
this general rule because seedlings in the grass
stage are much more resistant than those be-
tween 1 and 4% feet in height (222). This
is an effect of height more than of age, because
other factors as well as age influence longleaf
height growth. Bruce (33),  however, found
a correlation between age and fire mortality
in longleaf  pine seedlings.

Diseases, insects .-Although trees infested
with insects and disease may be less resistant
to fire injury than healthy trees on the basis
of reduced vigor alone, other effects of pests
are probably more important. Slash pines in-
fected with fusiform rust are killed more read-
ily by fire than are healthy trees, mostly be-
cause pitch from the cankers catches fire (185).
Bruce (35) showed that brown-spot infected
longleaf  seedlings were much more susceptible
to fire-kill than healthy seedlings, especially
where the plant is more than two-thirds de-
foliated by the disease. He attributed this sus-
ceptibility more to the change of foliage from
green insulation to dead fuel than to reduced
plant vigor. Insects and rot following fire may
also predispose the tree to more damage by
enlarging the wound and exposing more area
to later fires, which may eventually girdle or
topple the tree.

Physiological Factors in Heat Resistance

Succulence, hardening.-Degree of succu-
lence in mesophytic plants seems inversely
associated with both dormancy and resistance
to heat (or cold). Fast-growing, succulent tis-
sues are very susceptible, whereas such hard
and desiccated tissues as seeds, dormant twigs,



and in lower forms spores, are heat and cold
resistant. “In the dry state the protoplasm of
seeds and spores has been found to withstand
quite long exposures to temperatures less than
1 OK. (-458°F. 1 or more than 120°C. (248”  F. 1,
while vigorously growing tissues tend to have
little or no hardiness.” (63). The effect of
moisture content on heat resistance of seeds
is well illustrated by Carmichael (44).

Even among actively growing plants, resist-
ance is influenced by water content. Watered
bluestem grass was killed in 4 hours by the
same degree of heat that required 16 hours to
kill drought-hardened bluestem  (117). Harden-
ing against heat is analogous to frost harden-
ing, and the two effects seem to be reciprocal,
i.e., hardening for frost resistance may increase
heat resistance, and vice versa, indicating a
common mechanism (I 26).

Konis (119)  states that individual maquis
plants are inured to heat by growing in a habi-
tat which is consistently warm during the day.
Such adjustment may simply be the product
of increased osmotic values due to an increase
in sugars and a decrease in water in the cells.
Bukharin (39) proposes a unique mechanism
to explain the increased heat resistance of
plants held at 86’ for a short time. At this
temperature protective hydrophilic colloids are
at a maximum, and the coagulation tempera-
ture of protoplasm reaches a peak. Heat resist-
ance decreases in plants held above 86” be-
cause of a decline in the amount of hydrophilic
colloids, as well as in the coagulation threshold
of protoplasm. Thus at high temperatures the
protective action of the hydrophilic colloids is
lost and protoplasm coagulates at a lower temp-
erature, with resultant loss of heat resistance.
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The essential change in hardening of plants
seems to be an increase in the ability of the
proteins to absorb water (hydrophily) (63).
Since this effect is common to all types of
hardiness, one of the best ways to increase heat
tolerance is to harden plants at very low temp-
eratures. Low temperatures reduce the growth
rate and salts and sugars accumulate in the
cells. The result is an increase in osmotic
pressure of the cell vacuoles and the with-
drawal of water from the protoplasm. This in
turn increases hydrophily in the plant.

The coagulation threshold of protoplasm may
also be affected by the presence of auxins. In-

doleacetic acid or 2, 4-D applied to sections of
pea stems greatly reduced the amount of pro-
tein coagulated by heat from extracts of these
tissues (78, 79). Total protein content was not
altered, only the coagulation threshold. As
auxin analogs that do not promote growth had
little or no effect on coagulation, a physiologi-
cal relationship was suggested, although the
effect also occurred in roots where auxin in-
hibits growth. Auxins influenced stem protein
coagulability most where auxin-induced growth
was greatest and were ineffective where auxin
did not influence growth.. Gibberellic acid,
which also promotes stem growth, enhanced
the auxin effect on proteins. These data indi-
cate that growth substances probably play a
part in heat hardening.

Heat resistance of peas of both a heat+ensi-
tive and a heat-resistant variety was markedly
increased by vernalizing the seed for 25 days
at 39” (109).  Growing the plants at high temp-
erature devernalized them with respect to
flowering but not with respect to heat resist-
ance.

Phenology, dormancy, food reserves.-
Season of burning may influence not only
direct fire damage, but also the ability of the
plant to recover from injury by sprouting or
refoliation. Foresters have observed that the
best time to eradicate deciduous woody plants
by cutting or burning usually is in spring,
before the food reserves depleted by spring
growth have been restored by the expanded
leaves (237). Both shoot and root reserves in
most deciduous trees peak in late summer,
decrease slowly after leaf fall, and are depleted
rapidly when active growth is resumed (172).
Root reserves in Florida oaks reached a mini-
mum in late April and early May, and a maxi-
mum in July (2381. In evergreens the cycle
may be reversed, as food accumulates in winter.
Hepting (96)  found a minimum of shoot and
root reserves in shortleaf pine during fall, and
a maximum in spring. On this basis a spring
fire should cause greatest injury to deciduous
trees with least loss to evergreens.

A burn during late April increased the num-
ber of buckbrush sprouts, a May burn decreased
them (3). Starch reserves had been nearly
depleted in the 23 days between the two burns.
Sumac produced fewest sprouts when cut in
June, when starch in this species was at a



minimum. In the South, Chaiken (46) found
summer fires more effective than winter fires
in killing rootstocks and reducing size and
vigor of sprouts from surviving rootstocks. Oak
stumps in California sprouted less when cut
in summer than in winter or early spring (133).
In the southern Appalachians, dogwoods cut
in early summer sent up fewer and less vigor-
ous sprouts than those cut at any other time.
Stumps from late-summer cuts had the most
and longest sprouts (38). Similar results were
obtained with oaks (50, 84): quickest kill, least
sprouting, and poorest survival of sprouts oc-
curred when trees were girdled in May or June.

Food reserves seem to have a direct effect
on heat resistance as well as on sprouting
capacity. Julander (117) showed that harden-
ing by drought under conditions favorable for
food accumulation increased heat resistance of
5 grass species; in fact, any treatment that in-
creased food reserves improved the resistance
of the plant to heat.

Dormancy, particularly in deciduous trees,
denotes lack of foliage to be injured by fire as
well as the presence of dormant buds, which
are presumably more heat-resistant than ac-
tively growing terminal buds. It is also con-
ceivable that dormant cambium may be more
tolerant of high temperatures than active cam-
bium. If so, then any of the external or internal
factors which, according to Wareing (227),  con-
trol and modify cambial activity, may also in-
fluence fire resistance. Evidence indicates that
growing buds produce auxin which initiates
cambial activity. The presence of this auxin
in itself may modify the heat resistance of the
protoplasm (78).

Chemical factors.-Chemical reactions unre-
lated to auxins and food reserves also influence
heat resistance. Heat effects sometimes can be
alleviated chemically by supplying a deficiency
or removing a toxin produced at high tempera-
tures. Mitchell and .Houlahan (1.53)  studied a
temperature-sensitive mutant of the red bread
mold (NeurospoTa)  which grows normally up
to 77” but ceases to grow above 82”; the normal
parent grows well at 95” to 104”. The mutant
was unable to produce the essential nutrient
riboflavin at elevated temperatures, but addi-
tion of this vitamin restored high-temperature
growth. Other temperature-sensitive Neuro-
sport mutants were cured by the addition of
adenine and pyrimidines.
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Results similar to those with molds have
been obtained with higher plants. Peas, for
example, turn yellow and die in a few days
at 95” even when water and mineral supplies
are adequate. Galston  and Hand (77) showed
that this response has a chemical basis in that
adenine, an essential growth factor, becomes
deficient at high temperatures. Supplying ade-
nine through the roots largely prevented yel-
lowing and death. Peas of a heat-sensitive
variety contained equal amounts of adenine
at both high and low temperatures, but in a
heat-resistant strain the adenine content
doubled when temperatures were increased
from 57” to 78” (108),  indicating increased re-
quirements at higher temperatures. Addition
of adenine for protection against high tempera-
ture has also been reported for duckweed (120),
bean, grape, and peach leaves (I 18). Heat
lesions in mouse-ear cress were alleviated by
supplying thiamine, adenine, pantothenic acid,
biotin, and similar compounds (123). In fact,
one characteristic of mutants that are sensitive
to high temperature is the frequency with
which they are reparable by single diffusable
substances (10). Chemical control of climatic
diseases may have practical value in extending
the range of economic plants (120).

Although enzymes are easily inactivated by
heat (152, pp. 466-467),  their role in heat in-
jury is unknown. By one theory, heat injury
is initially due to the denaturation of specific
thermolabile enzymes. The chief difficulty
here is the relatively low temperature at which
heat injury occurs in some plants, but it may
be that enzymes are more thermolabile in viva
than in vitro (63). Support for this theory
comes from numerous cases, as those cited
above, in which heat injury is reparable by
single compounds that presumably replace the
heat-inactivated part of the enzyme. However,
there is no evidence that inactivation of the
enzyme peroxidase is accomplished at a lower
temperature in vivo, since it remains active
even after the cells have been killed by heat
(personal observation).

Some strains of NeUTOSpOTa  apparently have
more stable enzymes and hence are able to
withstand more heat than others (63). Several
enzymes are known to exist in forms that vary
in thermostability. Possibly breeding for heat
resistance could be accomplished by selecting
genes that provide thermostable enzymes.



Desert plants are remarkably tolerant of high
temperature, as has already been shown. Roots
of the creosote bush grow ten times as fast at
86 to 95” as they do at 68 to 77”, the optimum
temperature range for mesophytic plants. Mes-
quite roots grow rapidly at 106” (120). The
mechanism permitting xerophytic plants to
withstand such temperatures is not known.
Petinov and Molotkovsky (171)  propose that
the reparative capacity of heat-resistant cells
is based on the production of the necessary
organic acids, from which amides are synthe-
sized. These amides eliminate the toxic effect
of ammonia produced at high temperatures.
Other theories of heat resistance are reviewed
by Levitt (126).

Sprouting ability .-Because many hard-
woods sprout from the base after the top has
been killed (1331, a single prescribed fire fre-
quently results in many more stems than there
were originally (69, 170).  Most pines lack this
sprouting ability, or lose it beyond the seedling
stage. Thus, loblolly seedlings will not sprout
after 7 or 8 years (132). In a severe fire which
kills all tops, hardwoods therefore have the
advantage over the typically more fire-resistant
pines.

Notable exceptions to this general rule in-
clude pitch pine and shortleaf pine, which
sprout from axillary buds or dormant buds
under the bark. Shortleaf tops are less fire-
resistant than other southern pines but the
species’ sprouting ability gives it an advantage
in severe fires. Basal sprouts have been report-
ed from pitch pines up to 79 years old and short-
leaf up to 70 years (131). Pitch pine in New
Jersey’s Plains areas, subject to frequent fires,
forms characteristic large clumps which may
have as many as 249 living l-year-old sprouts
on a single stool.

Recovery processes.-The physiological pro-
cesses accompanying recovery from fire dam-
age apparently have received little attention.
Defoliation may be followed by growth of new
leaves if the tree or buds have not been killed.
As long as a leaf is healthy it exerts apical
dominance, so that the axillary leaf bud is pre-
vented from growing. In the South, refoliation
following fire is seen most frequently in pines,
for in hardwoods the tops, twigs, or buds are
likely to be killed if the fire is hot enough to
kill the leaves.
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Wound healing is accomplished by callus ‘i
tissue which grows in from all sides, eventually
closing the wound if it is not too large and is
not attacked by insects or fungi. Fingers of
callus (and presumably cambium) can often
be seen within the wound. The origin of callus
tissue seems debatable. Usually it is assumed
to arise from the surrounding cambium (1701,
but Soe (186)  found that the cambium took
very little part in callus formation in hard-
woods following scoring to the wood. Callus
originated from ray cells or phloem parenchy-
ma on both sides of the wound. About a week
after joining, this tissue gave rise to a new
vascular cambium. In the species studied, cork
cambium was always formed ahead of vascular
cambium.

EXPERIMENTAL METHODS,
INSTRUMENTATION

External Evidence of Heat Injury
Color changes.-Color provides a convenient

and rapid method for diagnosing heat injury
in those species where browning or yellowing
occurs soon after the plant has lost its ability
to recover (168). Nelson (159) used yellowing
of southern pine needles as an identification of
heat injury following immersion in a water
bath.

Subsequent growth.-Measurement of sub-
sequent growth is the most reliable method of
assaying physiological heat injury and often
the most practical, but sufficient time must be
allowed to assure that delayed effects will not
be missed. Ursic (213) found that many pine
seedlings appeared normal for two months be-
fore they died of heat treatment.

Bark and crown scorch.--Scorch is the most
commonly accepted diagnostic criterion of in-
jury after a fire. Many attempts have been
made to assay damage’on this basis, with vary-
ing success. Degree of crown scorch seems the
best indicator (68, 69, 151, 220). Adding an
estimate of cambium injury to estimates of
defoliation may improve the accuracy of mor-
tality predictions (68, 1.52).  Nelson et al. (162),
maintain that the area of a wound can be pre-
dicted in the first growing season after a fire
from such measurements as the height and
width of the discolored area of bark and d.b.h.
(as correlated with bark thickness), but Stickel
(194) believes it necessary to wait several years
to predict damage accurately.



Pdch  flow.-Obvious pitch flow is a good
indication of cambium injury in pines, although
it may not occur in all species or at all seasons.
Several weeks after prescribed burning of
longleaf  pine in April the cambium under areas
of pitch flow was examined, either visually or
electrically (64). Discoloration, or an increase
in electrical resistance (90),  showed that the
cambium had been killed in all of these areas.
Dogwood and some other hardwoods also exude
gum from fire wounds under the bark (personal
observation).

Internal Evidence of Heat Injury

Various changes, e.g., in the appearance of
internal tissues, response of cells to dyes, tissue
fluorescence, cytoplasmic streaming, electrical
resistance, gas exchange, and enzyme activity
may be used as indications of plant injury. The
method of diagnosis used is determined by the
species, tissue, and specific problem (168).

Appeumnce of cambium-Cambial fire in-
jury is usually hidden by the bark, which may
remain attached for several years before being
split off by the swelling callus (122). Diagno-
sis by direct cambium examination therefore
requires removal of the bark (151),  a time-con-
suming and injurious process.

Electrical resistance in the cnmbizcm.-Tests
in south Mississippi have indicated a relation-
ship between electrical resistance and heat in-
jury in the cambium (90).  Resistance was
measured with a modified lumber moisture
meter having long probes sensitive only at the
tips. Readings in the cambial region dropped
sharply within a week after heat-killing, indi-
cating an increase in resistance, presumably
due to loss of moisture. Resistance readings
may thus provide a rapid and non-injurious

method for assaying cambial damage. Mois-
ture-meter indications corresponded well with
direct examination (64).

Most workers report a decrease, rather than
an increase, in electrical resistance following
death (58, 72, 87, 140, 165). Osterhout (165)
was the first to demonstrate that resistance to
low-frequency alternating current decreased
with injury, then fell to a low level at death.
This resistance drop preceded visible signs of
death by several days. The tissue to be mcas-
ured was immersed in water of high electrolyte
content. Greenham  et al. (87, 88) found that,
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when measurements were made in situ with
a lower electrolyte content, loss of moisture
following death increased the resistance. Thus
a dead and partially desiccated root had the
same low-frequency resistance as a healthy
root. This may be the effect observed in tree
cambium following death. The cambial region
is high in moisture and low in electrolytes, so
that desiccation following death would increase
the electrical resistance.

In order to avoid the effect of desiccation
Greenham  (58, 88) used a ratio of low-fre-
quency resistance to high-frequency resistance.
This ratio is not affected by water content and
is approximately 1 in dead tissue. The ratio
is very high in healthy tissue, may increase
with initial injury, but decreases with further
injury from such causes as poisons, cold, heat,
or drought.

The drop in low-frequency resistance at
death where desiccation is not a factor is be-
lieved due to the’ action of the plasmalemma,
or cell membrane. This membrane effect has
been questioned (III), but Walker (226) dem-
onstrated its existence with direct-current
measurements. Luyet (140)  observed that with
high frequencies resistance in both living and
dead tissues was low, whereas with low fre-
quencies resistance was much higher in living
tissues. The drop in low-frequency resistance
provided an instantaneous measure of death.
The plasmalemma seems to act like a capaci-
tance in living cells, imposing a high impe-
dance on low-frequency current (58). At death
this capacitance.effect  breaks down. Resistance
in healthy tisue would then be the sum of elec-
trolyte resistance plus the capacitive impe-
dance of the plasmalemma. With high frequen-
cies death has no effect, because capacitive im-
pedance is very low; with low frequencies the
impedance is great until destroyed by death.

Filinger and Cardwell  (72) used electrical-
resistance measurements to detect killing of
raspberry canes by freezing or boiling. Elec-
trodes were inserted 10 inches apart, and were
connected to a resistance bridge and source of
lOOO-cycle  alternating current. Resistance in-
creased from 72 to 90 percent following death
of the stems.

There is very little literature regarding elec-
trical resistance measurements in tree cambi-
urn. Fensom (67) used silver nails set in the



cambium to measure resistance in maple
branches. The resistance decreased with de-
clining temperature and with the onset of
phenological stages such as sap flow, budding,
flowering, and leaf opening.

Russian work (241) indicates that. the mois-
ture content, thickness, pH, and electrical prop-
erties of pine phloem may be changed by fun-
gus infections. In addition, the catalase ‘ac-
tivity of the inner bark and needles and the
starch content of phloem parenchyma show
differences between healthy trees and those
attacked by Fomes annosus and other fungi.
If heat also affects some of these properties,
measurement of them could be used in assaying
fire injury.

Another Russian paper (158)  describes four
instruments for determining cambial moisture
differences between normal and diseased trees.
The instruments make use of cobalt chloride
paper, expressed sap volume, or galvanomic
output from bimetallic electrodes pressed a-
gainst the cambium. All four are said to be
highly reliable. Tests on oak, pine, chestnut,
ash, and other species showed a consistently
lower cambial moisture content in diseased
trees.

Cytological examination. - Lorenz (134)
tried various means of assessing cell injury in
cortical parenchyma. These included ( 1) di-
rect observation of the plant material, which
may require 2 days to 2 weeks before lethal
effects become apparent; (2) use of ultraviolet
absorption, in which living cells appear black
in an ultraviolet photograph and dead cells
appear white; and ( 3) staining with neutral
red and methyl blue, so that living cells show
up red and dead cells blue.

Lorenz decided on a simple, neutral red
stain; at death the cell membrane loses its
permeability and does not absorb this dye.
Monselise (154) used sodium selenite and in-
digo carmine to determine viability in citrus
seed. Living cells were stained red by reduc-
tion of selenite to red selenium by enzyme
action, while dead cells were stained blue by
indigo. Much work has been done recently
with tetrazolium chloride (TTC)  as a vital
stain (30, 85, 113, 166, 167, 177). This com-
pound is reduced to an insoluble red formazan
by enzymes in living cells, making visible
numerous cell structures that contain the en-
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zymes. The value of tetrazolium chloride for
pine studies is questionable, because resin also
reduces it (167).

Observation of cytoplasmic streaming con-
stitutes an easy visual method of studying heat
effects in tissues where streaming occurs, al-
though streaming may stop before the cell is
killed. Thimann and Kaufman (205) found that
rate of streaming in cambial cells of white
pine was proportional to temperature up to 93”.
At higher temperatures the rate decreased. All
streaming stopped at 110”. This happens to
be the temperature at which Bukharin (39)
found that protoplasm reached its maximum
viscosity. If irreversible coagulation occurs
at llO”,  this would be the lethal temperature
of the protoplasm, although it seems low. Thi-
mann and Kaufman’s data do not indicate that
brief exposure to this temperature is lethal.
Some damage occurred, however, for when
cells were returned to lower temperatures
streaming was resumed at a reduced rate.

Luyet and Gehenio (141)  used ultraviolet
absorption to differentiate between living and
dead cells in onion epidermis. A microscope
with quartz lenses was used to transmit the
ultraviolet. Living cells absorbed ultraviolet
and photographed black, whereas dead cells
showed up white. Cells lost the power of ab-
sorption when heated, poisoned, frozen, or in-
jured. Apparently some living cells contain
a natural pigment that absorbs ultraviolet and
is lost at death (142). The effect could be
simulated in cells lacking the pigment by the
use of neutral red stain and green light, in
which case living cells again appeared black
and became transparent at death.

Enzyme detection and respiration measure-
ments .-Calorimetric enzyme tests, similar to
those used for peroxidase in blanching vege-
tables (155),  may possibly be useful for assay-
ing fire damage. However, most enzymes have
inactivation temperatures higher than the gen-
eral l&ha1 temperature of plant tissue. Meas-
urement of gas exchange is another physiologi-
cal test which would determine viability, by
indicating whether respiration was taking
place.

Methods of Heat Application

Of many different methods of applying con-
trolled heat to plants, immersion in a water



bath (12, 82, 734, 183, 213) has been the most
popular. Uniform temperatures are easily
maintained, and conduction of heat into plant
tissue is rapid. Other heat sources used include
ovens (12, 16),  radiant electric heaters (12,  16,
59),  a hot plate (195),  solar heating in a black-
ened bottle (119),  sprinkling hot sand over
seedlings planted in soil (178),  electric heating
in a synthetic bale (213),  slash burning (240),
and a propane torch (91),  kerosene wick or hot
air blower (187, 188). Lorenz (134) used a
heated microscope stage, thermostatically con-
trolled, by which he could observe cellular
heat effects directly.

MacLean  (147) points out that the rate of
heat movement through a body is affected by
the method of heating as well as by the temper-
ature difference between the heat source and
the body. For a given temperature at the
source he found steam to be the most effective,
followed by water, creosote, and hot plates.
Differences in heat source efficiency may be
ascribed to surface resistance or intimacy of
contact. Changes in bark properties with char-
ring is another variable that must be consid-
ered.

Techniques For Measuring Temperature

The problems connected with measurement
of temperature, both external and internal,
involve mainly considerations of accuracy, fast
response, sufficient range, and ability to place
the sensitive element within the desired tissue
with a minimum disturbance to the physical
structure. The thermocouple appears to meet
these requirements best. Eggert (61) discusses
the construction and installation of thermo-
couples for biological research. He describes
a method for inserting thermocouples in tree
trunks, and emphasizes the use of fine wire to
insure rapid response to quick changes in temp-
erature. Further applications in agricultural
research are discussed by Lorenzen (135).
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Considerable information is available on
thermocouple fundamentals, applications, and
sources of error (65, 169, 174, 176, 203, 219).
The construction of micro-thermocouples, nec-
essary for rapid response and minimum dis-
turbance of tissue, has been approached in
several ingenious ways  (135,  215, 236). The
National Bureau of Standards has published
two lists of references on temperature measure-
ment (75, 211).

Some specific applications of the thermo-
couple in studies of heat effects in trees might
be mentioned. Devet (59) used 24-gage wire
for bark-surface temperatures and 36-gage for
the cambium, the latter being inserted in a
hole made by a needle. Vehrencamp 1214)
measured air temperatures during fires with
24-gage iron-constantan couples. Radiation
shields were unsatisfactory. Leads were in-
sulated with asbestos and glass. Protection of
leads exposed to flame is a major problem;
Davis and Martin (56) used fiberglass-stainless
steel mesh insulation. Some sort of metallic
armor seems to be the only flexible insulation
capable of withstanding repeated exposure to
flame. In south Mississippi (64) extension wire
leads insulated with asbestos were carried
through flexible steel conduit to a buried junc-
tion box containing a common reference junc-
tion. At the tree the exposed leads were pro-
tected by ceramic insulators. External thermo-
couples were 22-gage iron constantan and in-
ternal couples were 28-gage IC enclosed in
stainless steel for insertion under the bark.
Temperatures were recorded automatically at
2-second intervals on a 16-point  Brown record-
er, or manually on a portable potentiometer
(64).

Shcherbakov (182) described an electric ther-
mometer, possibly a thermistor, for measuring
tree temperatures. Uggla (209) used resistance
bridges to obtain air and soil temperatures
during fires. Thermistors are adapted to pre-
cise measurement of a narrow range of temper-
atures (19, 116, 208); thermocouples have a
wider range, and are much cheaper.

Non-electric methods of temperature meas-
urement often make use of the melting points
of various substances. The fusible compounds
indicate only minimum temperatures, i.e.,
whether the melting point of each compound
has been reached. Nelson and Sims (161) em-
ployed Seger cones and metal alloy ribbons for
determining maximum temperatures at various
levels in a forest fire, while Beadle (17) made
use of the melting points of various organic
compounds placed in buried vials to measure
soil temperatures during a fire. Fenner and
Bentley (66) painted solutions of different
compounds in strips on sheets of mica. When
the solvent had evaporated the crystals were
left and could be observed for fusion. The



sheets of mica were buried in the soil vertically
so that depth of each fusion temperature could
be observed. These methods obviously are un-
suited to measurement of internal temperatures
of living organisms.

SUMMARY OF RESEARCH NEEDS

Although many things related to the prob-
lem of fire tolerance in trees have been men-
tioned in this review, it is clear that very little
is known about the subject. The ensuing dis-
cussion considers, in the approximate sequence
that it should be developed, the information
that seems most important to an understanding
of the subject. Each section indicates the status
of knowledge as uncovered in the literature
review, and thus serves as a summary.

Temperature Measurement During Fires

Basic to further study of fire injuries to trees
are records of temperatures and their durations
both immediately external to plants and in the
tissues themselves. The records should be ob-
tained from fires that burn in natural fuels and
are hot enough to kill or wound. Then, with
readily controlled heat sources, simulated
forest fires could be designed for further stud-
ies. This approach would eliminate waiting for
the right weather conditions; remove worry
about causing excessive timber loss; and facili-
tate replications of conditions of exposure.

Thermal Characteristics of Bark

Most fire damage to trees is stem injury or
defoliation, although buds can be killed and
roots injured. Thus the protection afforded
the stem by bark is an important factor in
resistance. It is apparent and often reported
that thick barks are better insulators than
thin barks, and fire resistance ratings of the
various species are largely assigned on the
basis of bark thickness.
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Such generalizations do not tell how much
fire a given tree can stand, or help predict
damage to individual trees. Laboratory studies,
now under way or contemplated, can deter-
mine the physical constants involved-thermal
conductivity and diffusivity, specific heat,
density, and moisture content of inner and
outer bark-and thus explain species differ-
ences and provide means for predicting damage
from fires of known intensities. There also is

room for empirical field tests to uncover inter- -:&; I,;
specific differences other than bark thickness,
and help in the interpretation of laboratory
findings.

*’

Identification of Internal Heat Injury
: : -

Before high-temperature effects on cells or i
tissues can be studied, before lethal tempera-
tures can be determined, a technique is needed
for differentiating between living and dead
material. At present the most reliable method
for assaying damage to tissue is by observing
subsequent growth, but this sometimes takes
too much time.

,,.

,‘-

Foliage injury and cambium browning indi-
cate localized death of plant parts but not nec-
essarily death of the tree. The cambium may
discolor slowly and examination of it further
injures the tree. A rapid,. reliable, and rela-
tively non-injurious assay method is needed.
Even methods dealing with individual cells or
small groups of cells have not been entirely
satisfactory. Microscopic observation of vital
staining, cytoplasmic streaming, or plasmolysis
is tedious and interpretation in terms of dam-
age to living trees is uncertain.

The rapid identification of injured tissue in
the field is therefore an important goal. At
present, electrical-resistance measurements
seem promising, but more work is needed on
factors other than death that affect resistance
in the cambium. Stains and other reactions
of living tissue that can be observed in the
field should be investigated. There may be a
chemical response to wounding that could be
made the basis of a diagnostic test (148).

Lethal Time-Temperature Curves

Some data are now available on how long
foliage, seeds, and seedlings can endure various
high temperatures. This kind of information
is needed for different parts of trees. Con-
trolled heat sources and accurate measurement
of internal temperatures are necessary. The
effect of such factors as moisture content, age,
and species should be studied.

Physiological Effects of High Temperature

There is little information on the effect of
near-lethal temperatures on physiological func-
tions, yet such data might reveal how cells or
tissues are injured by heat. Among the many



possibilities are changes in respiration, in trans-
location of food, water or growth substances,
or in enzyme reactions.

Secondary physiological effects caused by
partial or complete girdling of stems have re- -
ceived  some attention. Changes in moisture
content of leaves are apparently slight, but
Jariations  in sprouting have been described
for fires of different intensities and in different
seasons. Some of these effects may be ex-
plained by destruction of basal (dormant) buds
and the effect of current food reserves.

The effect of temperature on respiration in
plants is well  known (152)  but forest fires
usually pass too swiftly to have much perma-
nent direct effect on plant respiration. Trans-
location of foods and other metabolites might
very well be influenced if phloem were injured.
Sub-injurious temperatures affect phloem
transport (62) but the same objections of short
duration hold here. Enzymes are easily in-
activated by heat but usually only at temper-
atures above those which would be lethal for
the cell itself. Thus, translocation may be the
chief physiological function disrupted by dam-
aging high temperatures, and this only until
uninjured conductive tissue becomes adapted
to bypass the wound. Research to determine if
translocation is an important factor in heat in-
jury would require radioactive or other types
of tracers. Active enzymes could be identified
chemically after heat treatment.

Importance of Various Factors in Fire Resistance

Besides the obvious external factors that

affect fire injury, such as temperature and
duration, there are several internal conditions
which alter high temperature effects. Species
differ in bark and growth habit, e.g., succulent
plants are more susceptible than hardened ones.
Age, vigor, degree of dormancy, and food re-
serves also affect heat tolerance.

The initial approach to the study of these
factors as they affect high temperature toler-
ance will require greenhouse studies on seed-
lings, perhaps with field observations on ma-
ture trees to follow. Season, as it affects mois-
ture content of bark, as well as succulence in
living tissue, may be important. The relation-
ship between chemistry of the plant (adenine
content, e.g.) and heat resistance needs to be
studied, as does the possibility of hardening for
heat resistance. Moisture content must be
known or controlled, not only to standardize
results but to determine its effect on heat re-
sistance.

Recovery Processes

The processes of recovery in fire-damaged
tree tissues have received little attention. When
a spot of cambium is killed callus tissue forms,
whether from cambium, ray cells, or phloem
parenchyma, and eventually covers the lesion
if it is not too large. But what physiological
processes accompany this growth? Knowledge
of the part played by growth substances, en-
zymes, food, minerals, and other metabolites
might lead to means of accelerating the healing
process itself.
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