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Linking surface-fire behavior, stem heating, and
tissue necrosis .

A.S. Bova and M.B. Dickinson

Abstract: Data from 69 experimental, small-plot fires are used to describe relationships among fire intensity, bark-
surface heat flux, and depth of necrosis in stem tissue for red maple (Acer rubrum L.) and chestnut oak (Quercus
prinus L.). A tetrazolium staining technique was used to determine the depth of necrosis in tree bales subjected to fires
with intensities of 20 to 2000 kW/m. Over a range of bark moistures (28%-83%) and bole diameters (3-20 cm), depth
of necrosis appears to be primarily a function of fire intensity, flame residence time at the stem, and the corresponding
time-integrated heat flux at the bark surface. OQur results, along with known relations between bole diameter and bark
thickness, and improved medels of fire behavior and heat transfer, may be useful for estimating tree mortality resulting

from prescribed fires.

Résumé : Les données provenant de 69 petites parcelles briilées & des fins expérimentales sont utilisées pour décrire
les relations entre I’intensité du feu, le flux de chaleur & la swiface de 1’écorce et la profondeur de la nécrose dans les
tissus du tronc de 1’érable rouge (Acer rubrum 1..) et du chéne des montagnes (Quercus prinus L.). Une technique de
coloration au tétrazolium a été utilisée pour déterminer la profondeur de la nécrose dans le tronc des arbres exposés a
des feux dont I'intensité variait de 20 & 2000 kW/m. Pour une gamme de teneurs en humidilé (28 % — 83 %) et de
diametres du tronc (3-20 cm), la profondeur de la nécrose semble principalement fonction de I'intensité du feu, du
temps de résidence des flammes sur le tronc et du flux de chaleur pour la durée cormrespondante 3 la surface de I'écorce.
Les résultats combinés aux relations connues entre le diamétre du tronc et 1'épaisseur de I'écarce, ainsi que de meilleurs
madeles du comportement du feu et des transferts de chaleur, peuvent &tre utiles pour estimer la mortalité des arbres a

la suite de briilages dirigés.

[Traduit par la Rédaction]

introduction

Flames in surface fires transfer heat info tree stems, which
results in elevated temperatures that can cause tissue necro-
sis to various depths. Stem death can result when tissue
necrosis occurs through the live bark to the depth of the vas-
cular cambinm and around the tree’s circumference. The lit-
erature is extensive on surface fires (Fons 1946; Anderson
and Rothermel 1965; Nelson and Adkins 1986), stem heat-
ing (Rego and Rigolot 1990; Costa et al. 1991; Pinard and
Huffman 1997; Potter and Andresen 2002), and plant-tissue
necrosis (Lorenz 1939; Hare 1961; Kayll 1963; Levitt 1980;
Dickinson et al. 2004; Dickinson and Johnson 2003). Pro-
posed physical models couple the component processes in a
variety of ways (Martin et al.1969; Peterson and Ryan 1986;
Mercer et al. 1994; Gutsell and Johnson 1996; Jones 2003;
Dickinson and Johnson 2004), but there are no combined
data on fire behavior, stem heating, and tissue necrosis.

In this paper, we link fire behavior to stem heating, which is
in turn linked to the radial depth of tissue necrosis in chestnut
oak (Quercus prinus L.) and red maple (Acer rubrum L.),
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two comimon species in the central hardwood forests of the
eastern United States. Experimental burns were conducted
during the dormant season to best simulate the prevailing
and historical fire season (Sutherland et al. 2003). Both spe-
cies have virtually identical responses to stem heating, but,
at a given diameter, chestnut oak has greater bark thickness
than red maple and, therefore, greater protection from dam-
age. Combined with a better understanding of heat transfer
from flames to stems, our equations may be used to predict
stem death (and tree death for stems that do not resprout).

Heat flux at the stem surface

Models of heat and moisture transfer in cylindrical ob-
jects, such as tree boles, assume a known femperature or
heat-flux regime at the surface (e.g., Costa et al. 1991; Mardini
et al. 1996). 1t is difficult to model tree bole surface heat
flux because of the variability in flame height, depth, resi-
dence time, changes in intensity due to varying winds and
the changing distance of the flame from the tree. We developed
equations based on physical relationships between fire be-
havior and surface heat flux, and between surface heat flux
and tissue necrosis, charting a course between mechanism-
free statistical models and, as yet, poorly validated process
models.

Flames emit energy in the form of thermal radiation, the
total power of which depends upen the flame’s length, width,
and average thickness. As a surface fire approaches a bole,
the incident thermal radiation increases until the flame con-
tacts it, at which time convective heating usually becomes
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the dominant mode of heat transfer. Before contact, the heat
flux at the bole resulting from radiation is a function of the
flame’s geometry and distance, as well as the diameter of
the bole. The net heat flux at the surface of a bole when sur-
rounded by flames is

[1] (1" = (hcon + hrad)(Tsurfacc - Tﬂame) + qg\/aporaﬂon

where g" has units of kW/m? The coefficient of convec-
tion, Ay, (KW-m 2K, is a function of the velocity of flame
gases and bark surface characteristics. The coefficient of
radiation, A4 (kW-m2K™), is highly dependent on the sur-
face and flame temperatures, Ty e a0d Tiyme (K), and the
ratio of the thermal radiation emitted by the flame to that of
a blackbody at the same temperature. This ratio, called
emissivity, is determined by the average thickness of the
flame and its soot content. By convention, the sign of g" is
negative if the net heat transfer is to the surface (Typuee <
Thume) and positive otherwise.

In the literature on wildland fires, the rate of heat release
per unit length of fireline is called the fire intensity (or
Byram index), I (kW/m) (Johnson 1992), and is defined as

[2] I=HWS

where H is the average heat of combustion of the surface
fuel(s) (kJ/kg), W is the fuel consumption (kg/m?), and § is
the rate of spread of the flame (m/s). The average low heat
of combustion for a variety of forest fuels is 18 700 kl/kg
{(Johnson 1992). In fire intensity calculations, the low heat
value is decreased by 15%-20% to account for radiative
loss (Nelson and Adkins 1986). The resulting value,
15 000 kJ/kg, was used in our caleulations of fire intensity.
Fuel consumption, W, should be only that portion of the fuel
consumed during flaming combustion, but this is a fraction
difficult to estimate in practice. Consequently, Johnson (1992)
and Nelson and Adkins (1986) suggested using total fuel
consumption in estimates of fire intensity.

Fire intensity determines the base-to-tip length of surface
flames (length, where length oc I3, Yuan and Cox 1996)
and, therefore, their radiative area and total radiative power. As
radiative power increases, the distance at which flames sig-
nificantly heat the bole also increases, implying greater pre-
heating of the bole before the flame arrives. Intensity also
governs the average upward velocity of surface flames (veloc-
ity, where velocity o '3, Nelson 1988), which is a major
factor in the convective heating of the bole when the flame
makes contact. A given fire intensity can occur over a large
range of fuel consumption (Johnson 1992), so intensity does
not, by itself, indicate the total heat energy released per unit
area (HW) near a bole. However, fire intensity can be multi-
plied by a characteristic time value, such as the flame resi-
dence time, to give a measure of total heat energy that is
released per unit length of fireline (ki/m). The net heat flux
at the surface of the bole, or a significant portion of it, should,
therefore, be a function of, among other variables, intensity
and the flame residence time at the surface of the stem:

31 Q'=[g"dr =~ fU x...)

where 0" has units of ki/m? and t (s) is the time over which
flames are present at a given location on the surface of the
bole. Note that the time of radiative heating before flame
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contact could be added to 7 to produce a total “time of
effect,” but in practice this would be more difficult than esti-
mating flame residence times.

Stem heating

Given known boundary conditions for surface temperature
or heat flux, the heat equation can be used to calculate the
temperature profile within a cylindrical structure such as a
bole (Incropera and DeWitt 2002). However, because of the
varying surface heat flux, moisture outflux, and internal con-
ditions, a numerical model usually is required to estimate
internal temperatures that vary with depth and over time
(Jones et al. 2004). As an alternative, we propose equations
based on the following physical principles.

Over the time of heating and cooling, ¢ (s), the thermal
front will diffuse toward the centre of the bole to a depth,
8 o (at)? (mm), where o (m%/s) is the thermal diffusivity of
bark and wood (assumed here to be roughly equal). Further,
assuming that the heat flux around the bole is uniform, the
average excess energy density, U (ki/m%), of the heated por-
tion of the bole will reach a maximum (as will the surface
temperature) just before cooling begins and can be approxi-
mated as

4] v=gr| 2R
2R6 — &

where R is the bole radius (m) and the term in parentheses is
the ratio of the surface area of the bole to the volume of the
heated cylinder of circumference 2R and thickness 8

The term for heat loss by evaporation is present in eq. 1,
because heat transfer into the stem has been shown to be
driven largely by conduction and heat sinks associated with
bark moisture (Rego and Rigolot 1990). Diffusion or migraticn
of moisture depends on the pressure, temperature, and mois-
ture gradients within the stem during the heating process.
Using conservation of mass and energy in addition to experi-
mental correlations, Mardini et al. (1996) successfully mod-
eled mass change resulting from pyrolysis of wooden dowels,
but the model did not correctly predict moisture loss in dow-
els exposed to the rapid heating characteristic of stems in
surface fires. For simplicity, outward heat flux due to mois-
ture Joss is not explicitly included in the model below, and
we have assumed that the moisture outflux is proportional to
the heat influx,

Tissue necrosis

Tissue necrosis can be described by a temperature-dependent
rate process:
dv _
dr

[5] —kV

where V is some indicator of viability, such as cell survival
or tissue respiration, and k (s7!) is the rate of decline in via-
bility (Johnson et al. 1974). The rate parameter, k, at a given
depth is a function of temperature and can be adequately de-
scribed by the Arrhenius equation:

[6] k() =Zexp (— mf@}
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where 7(2) (K) is temperature at time ¢, Z is.a pre-exponential
factor (s7!), E is the activation energy (J-mol™), and Ris the
universal gas constant (8.31 F-mol™!.X™!). The exponent is
simply a time-dependent ratio of energy densities. Viability
declines as tissues are heated above approximately 40 °C,
and final viability at a given depth after a stem has cooled is
described by

[7]  V=Aexp -j k(@) dt

where A is a constant. Note that at a given depth, the final
viability depends on the time spent over 40 °C and that the
time required to kill tissue decreases-as the temperature rises
above this lower limit. In other words, the final viability at a
given depth depends on the area under the temperature—time
curve (Martin et al. 1969; Mercer et al. 1994; Mercer and
Weber 2001). As the thermal front moves toward the centre
of the bole, the average rate of decline in v1ab1111y decreases
along with the average energy density (i.e., average excess
temperature). -

We hypothesize that at some depth below the baﬂ( sur-
face, r (mm), the rate of decline in viability integrated over

the time above 40 °C (or the average rate multiplied by this

time) will be just sufficient to lower the viability to an (arbi-
trary) value at which an irreversible wounding response,
involving the pmductmn of secondary compounds followed
by programmed cell death, begins (Dickinson and Johnson
2004). Thus, tissue necrosis propagates through the bole as a
threshold that js a function of time and temperature. The ne-
crosis threshold should be identifiable experimentally.

We assume, and numerical analysis shows, that the depth
below the bark surface at which a g1ven value of the rate of
reaction mtegral (exponent of eq. 7) occurs is a roughly linear
and increasing function of the average energy density, U.
Further, we assume that the minimum value of this integral
that uorresponds to necrosu does not vary greatly ‘between
trees or speciés. If these assumptions are correct, the maximum
energy density, averaged over the depth of necrosis should be
roughly constant, that'is, the volume (or depth) of necrom
should be proportmnal to the integrated heat flux, giving

[8]  2Rr—12~CQ'R

where the depth of necrosis, # is substituted for the & in
eq. 4, and C is a constant. Note that when r << R, the rela-
tionship may be approximated by

°1  r=CQ"

In other words, the depth of necrosis depends simply on
the time-integrated heat flux, and, by eq. 3, is ultimately a
function of fire intensity, flame residence time at the stem,
and other factors not explicit here (e.g., air temperature).

Methods

In spring and fall 2002 and in spring 2003, a series of 42
plot burns and 7 rope burns were conducted in the Vinton
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Fig. 1. Schematic of plot burns. A line fire moves toward a tree
bole fitted with a heat-flux sensor (S). The patch (P) on the bole
represents cable shielding that also covers the cables and leads
on the rear of the tree. Leads (L) were buried in a shallow trench
leading to a data logger outside the plot, or, in some cases, im-
mediately behind the target bole.

Furnace Experimental Forest (VFEF) in southern Ohio. Plot
burns were conducted using rectangular plots that ranged
from 3 m x 7 mto 4 m x 8 m (Fig. 1). The fuel bed
consisted of leaf litter, straw, poplar excelsior, corn stalks,
milled softwood sticks (0.95 cm x:0.95 cm cross section,
60 cm long) or a combination of these.? The plots were con-
structed so that a target tree was positioned along the plot
centreline and far enough along the bed so that there was
sufficient time for the approaching fire to reach a relatively
uniform rate of spread. Fires- were. started by drip torch at
one end of the plot and allowed to burn well past the target
tree. Flame heights, rates of épre.ad, and weather variables
were recorded: Five of the burns departed from the standard
configuration in that wood ctibs were built against the target
tree from six alternate layers of the softwood sticks de-
scribed above; instrimentation remdined the same.

The target tree was instrumented with a Medtherm™ heat-
flux sensor (Huntsville, Alabama, USA) inserted through
the bole, 15 cm above the soil surface; the sensor face was
positioned flush with the bark surface on. the 'side of the
approaching flames (Fig. 1). These sensors-are of the Schmidt—
Boelter :(thermopile) type and provide readings of total
(convective plus radiant) and radiant heat flux. Data were
collected at 1-s intérvals with a Campbell CR10X data log-
ger (Logan, Utah, USA). Values of the total heat flux over
time, O, were calculated by summing values' of total heat
flux that exceeded 2 kW/m? (i.e., heat flux clearly above ini-
tial background flux). Flame res1dence time at the bole was
estimated from plots of ‘convective: (total minus radiative)
heat flux versus time (flame presence is indicated by a sud-
den rise and plateau in such plots).

Rope bums (Uhl and Kauffman 1990) consisted of a single-
or double-circumference length of rope that was soaked in
fuel oil and umled .around’ the target tree 8 cm below the
heat-flux senor. The rope was attached with nails and the

% Supplementary data for this article are available on the Web site or may be purchased from the Depository of Unpub]mhed Data, Document
Delivery, CISTI, National Research Council Canada, Ottawa, ON K1A 082, Canada, DUD 3644. For more information an obtaining mate-

ral refer to http://cisti-icist.nrc-cnre.ge. qa/lrm/unpub e.shiml.
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tree was instrumented using the same method as for the plot
burns. After ignition, the rope was allowed to burn for sev-
eral minutes, in contrast with the relatively short flame resi-
dence times (10-30 s) in the plot burns.

Ceramic wool covered with fire-shelter material was used
to shield exposed cables, leads, and equipment. The shield-
ing was wrapped around the target boles 20 c¢cm above the
heat-flux sensors, to protect the bases and leads of small
thermocouple probes, and around the heat-flux sensor wires
protruding from the back of the boles (Fig. 1). Leads were
connected to a shiclded data logger placed behind the tree,
or, more commonly, were buried and directed to a logger
placed off the plot (Fig. 1).

To increase the number of trials during fall 2002 and
spring 2003, freshly cut, 1.5 m long boles were erected in
a reusable plot and secured with a section of rebar and
guywires. Plot size and instrumentation did not change. The
time between cutting, exposure to flame, and staining for the
measurement of the depth of necrosis was a few hours. Cut
boles did not appear to respond differently from uncut boles
(see Results).

Fuels were weighed before being spread over the plots in
order to estimate fuel loading. Fuels were consumed com-
pletely; therefore, loading was taken as equivalent to fuel
consumption and no adjustment was made for ash content.
These data, along with measurements of the rate of spread
and an assumed heat of combustion (15 000 kl/kg), were
used to calculate Byram intensities according to eq. 2. Using
total fuel consumption, not the portion consumed during
only flaming combustion, could lead to an overestimate of fire
intensity in burns with significant glowing combustion (e.g.,
those with thicker fuel components, such as corn stalks). How-
ever, as in Nelson and Adkins (1986) and Johnson (1992), we
used total fuel consumption in our estimates of fire intensity.

The depth of necrosis in stems was measured radially
from the bark surface and was determined by staining with
tetrazolium trichloride (TTC) to detect respiration act1v1ty
{e.g., Parker 1953; Towill 1975; Caldwell 1993). TTC is re-
duced to a pink formazan in live tissues but remains color-
less in dead tissue (Kayll 1963). A basal section was cut
from each experimental tree with a chainsaw and transported
to the VFEF workshop, where thin (2-4 mm) cross sections
were removed at 10 and 20 cm above ground with an elec-
tric circular saw. Sections were vacuum infiltrated with a
0.8% (m/v) TTC solution made in 0.05 mal/L potassium
phosphate buffer (pH 7.5) and stored in the dark for 18-24 h
at room temperature. Depth of necrosis, bark thickness, and
actual depth of the thermocouple probe tips were measured
to the nearest 0.1 mm with callipers. Depths of necrosis and
bark thickness were averaged over a total of 10 measure-
ments taken at heights of 10 and 20 cm along the bole (5 cm
below and 5 cm above the heat-flux sensor). Five measure-
ments were taken at each height: one at the vertical centreline
through the heat-flux sensor centre, two at distances of 1 and
2 cm to the left of the centreline, and two at distances of 1
and 2 cm to the right of the centreline. A two-sample paired
t-test showed that the average depths of necrosis were not
significantly different between 10 and 20 cm (mean diff. =
0.2 mm, p = 0.35, df = 29).

Equations 10 and 11 were generated from simple linear
regressions of untransformed data. To homogenize the variance,
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Fig. 2. Red maple (Acer rubrum L., 10 cm diam.) section
stained with tetrazolium. The abrupt color change indicates the
transition from dead to live sapwood.

the variables in eqs. 12 and 13 were natural-log transformed
before a multivariable linear regression was performed. All
statistical analyses were performed using SYSTAT® version
9 software (Systat Software, Inc., Point Richmond, Califor-
nia, USA). The number of replicate trees in the figures and
regressions below may vary depending on available data.
For instance, there were more burns in which heat flux and
depth of necrosis were measured than in which fire mtens1ty
and necrosis were measured.

Results

Tissue kill appeared to propagate as a wave into stems,
and there was typically a sharp transition between live and
dead tissue (Fig. 2). Attempts to discriminate between live
and dead conifer tissues stained with TTC were not success-
ful because of discoloration associated with their wounding
response.

Equations 8 and 9 imply a direct relation between surface
heat flux and the depth of necrosis below the bark surface.
Figure 3 shows the relationship between the depth of necro-
sis and the time-integrated heat flux, Q". The circled point is
a statistical outlier (studentized residual = —4.75) and seems
to be the result of a decalibrated heat-flux sensor. The statis-
tical ontlier is not.included in the regression. The constant of
the linear, least-squares regression equation was not signifi-
cantly different from zero at the 5% confidence level, so the
relation is-cast in the zero-intercept form

[10] r=0.002Q"
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Fig. 3. Average depth of necrosis, r (m), versus the measured
heat flux integrated over time, 3" (kJ/m?%). The trendline does not
include the circled outlier.
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where the depth of necrosis, #, has units of millimetres. The
confidence intervals (p < 0.05) of the coefficient in eq. 10
overlapped in separate regressions of uncut (z = 27) and cut
boles (n = 16).

Figure 4 shows that the relationship is improved in a re-
gression of the terms in eq. 8. The circled outlier was again
omitted. The relation is also linear:

[11] 2Rr-r? =0.0020"R

It appears that this form of the necrosis — heat flux relation
improved the fit in cases where the depth of necrosis was
greater than ~20% of the bole radius.

Equation 3 implies a relation between the fire intensity,
time of flame contact, and the time-integrated heat flux. The
relation is nonlinear and has the functional form

[12] Q'=1487%16:05% 5 =39 R? =0.72

Based on the linear relation betwben depth of necrosis and
integrated heat flux (eq. 10), we expect that the depth of ne-
crosis will relate to intensity and flame residence time at the
surface in a similar form with roughly similar exponents.
This is confirmed by a regression (Fig. 5) yielding the equa-
tion

[13]  r=0217020064

Discussion

There is a strong relationship bétween time-integrated heat
flux and depth of necrosis for chestnut oak (Q. prinus) and
red maple (A. rubrum) (Figs. 3 and 4). Integrated heat flux
in turn is related to fire intensity and flame residence time at
the surface of the bole. The relationships between integrated
heat flux and depth of necrosis are similar between species
despite differences in bark moisture, density, and thickness.
In part, this may be because the thermal diffusivity of bark,
and, therefore, the rate of penetration of heat, remains roughly
constant among species across a large range of wood densi-

Can. J. For. Res. Vol. 35, 2005

Fig. 4. Energy density correlation {eg. 11). The area {or volume
per unit height) of necrosis (m?) versus the time-integrated flux,

0" (klim?), multiplied by the bole radius, R (m). The trendline

does not include the circled outlier.
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Fig. 5. The natural log of depth of necrosis, » (mm), versus a
function of log-transformed fire intensity, J (kW/m), and flame
residence time, ¢ (s), at the stem.
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ties and moisture contents (Martin 1961). In addition, ther-
mal tolerance appears to be similar between. chestnut oak
and red maple (Dickinson et al. 2004). A wide range of both
broadleaf and. conifer species generally differed minimally
in thermal tolerance (Dickinson 2002; Dickinson and Johnson
2004). We expected that differences in bark moisture be-
tween species would result in differences in kill depth be-
cause of differences in heat sinks associated with the drying
of their bark, but this effect must have been secondary (see
below)

'We attempted to relate fire intensity alone to depth of ne-
crosis. As expected, the relationship was si gmf cant (B2 = 0.27,
n = 26) but not satisfactory. Fire intensity is central to flame
structure and velocities and, thus, must be used for under-
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Table 1. Pearson correlation coefficients of flux, DBH,
bark moisture, and bark thickness, (n = 34).

Integrated Bark Bark
flux DBH moisture thickness
Integrated flux-  1.00 —- — —
DBH 0.366 1.00  — —
Bark moisture  --0.441 0.002 1.06 —
Bark thickness 0.640 0.306 * -0.387 1.00

standing crown heating (Van Wagner 1973) and crown-fire
initiation and spread (Van Wagner 1977). In these experi-
ments, involving a wide range of fuels, flame residence time
at the stem predicted integrated flux and necrotic depth R =
0.68, n = 26) better than fire intensity. However, total heat
output in the vicinity of the tree is the best correlate of stem-
surface heat flux and is obtained by combining fire intensity
with the time during which combustion occurs, here approx-
imated by flame residence time at the tree (eq. 13, Fig. 5).

Stem heating

In these experiments, there were correlations among inte-
grated flux,, bark moisture, bark thickness, and tree diameter
(Table 1). Diameter and, in particular, bark thickness show a
positive correlation with heat flux and are themselves corre-
lated. These correlations were expected, because loading was
intentionally increased around larger boles simply to ensure
that necrosis was measurdble below the thicker bark.

Heat flux through the front portion of the bole appears to
have been roughly uniform. Tissue staining indicated that
the threshold between vidble and necrotic tissue was sharp
(Fig. 2) and of relatively uniform depth around all cross sec-
tions, which encompassed up to one half of the bole circum-
ference. Note that eq. 12 .is valid only for heights of 10~
20 cm along the bole. The surface heat flux will decrease
with height and the resulting depth of necrosis will decrease
accordingly. ' ‘

The equations in the Results section are based on the heat-
flux measurements from the Schmidt-Boelter sensors at the
bark surface. Note that these values reflect the heat flux at
the sensor surface and not necessarily the flux at the bark.
The absorptivity of bark is similar to that of the radiant sen-
sor, so the measured radiative flux is a reasonably accurate
estimate of the radiative flux at the bole surface. However,
the sensor’s radiant flux measurements themselves are sub-
ject to hincertainty, so the error may be on the order of 10%—
25% (Bryant et al. 2003).

The face of the sensor remains much cooler than the sur-

face of the bark when sutrounded by a flame (Jones 2003), -

implying that the convective flux to the sensor is higher than
it is to the bole (because the convective flux depends on the
difference between flame and surface temperature). Because
of surface temperature differences, the constants in the equations
involving the integrated heat flux, 9", should be considered
as scale factors rather than true values.

The coefficient for initial bark moisture was not significantly
different from zeto (p > 0.05, # = 30) in a multivariable lin-
ear regression of'depth of necrosis versus Q” and moisture
(not shown). Heat outflux by moisture loss was probably di-
rectly proportiona] to incident flux. Therefore, necrotic depth
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Fig. 6. A nomagram application of eq. 13. A surface fire with
an intensity, 7, of 150 kW/m and 20-s residence time results in
an estimated depth of necrosis of about 4 mm (upper portion of
diagram). This implies that chiestnut oaks with less than 2.5 cm
DBH will suffer damage below the bark surface, while red ma-
ple with diameters less than about 10 cm will be damaged or
killed (lower portion of diagram).
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can be calculated without regard to bark moisture, as long as
the process of bark drying in fires does not vary extensively
among the trees of interest. Another caveat is that heat flux
and bark thickness (and, therefore, total moisture content)
were correlated in-our experiments (Table 1).

Ecological response to stem heating

Because necrotic depth can be estimated from fire inten-
sity and time of flame contact (here taken to be roughly
equal to the flame residence time), it may be possible to esti-
mate stem or tree mortality using known relationships be-
tween bark thickness and diameter (Fig. 6). Fire intensity -
and flame residence time correspond to a depth of necrosis
that if greater than bark ﬁhiCkness, would be expected to
cause vascular cambiurh necrosis. Bark thickness corresponds
to a diameter based on species. In the example, a typical
leaf-litter surface fire with 'an intensity of 150 kW/m and a
flame residence time. of 20 s corresponds to a depth of ne-
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Fig. 7. Red maple and chestnut oak bark-thickness frequency
distributions in southern Ohio forests. Profile diagrams were de-
rived from stem diameter at 137 cm (DBH) distributions and re-
lations between bark thickness and DBH. All stems 210 cm DBH
were measured in plots while stems <10 cm were enumerated in
diameter classes (<4 c¢m, 4.0-3.9 cm, 6.0-9.9 cm). Kill depths
(vertical lines) at a I5 cm height along the bole correspond to in-
creasing intensity, I (kW/m), and flame residence time, ¢ (s), at
the bole surface. A height of 15 cm was chosen to correspond to
the height of near-maximum heat flux to trees from surface flames.
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crosis of 4 mm, which would damage or kill (if the heat flux
is uniform around the stem) red maple stems with less than
10 cmm DBH. A 10-cm maximum DBH for red maple stem

kill is, coincidentally, the general rule for prescribed burns -

in leaf litter in southeastern Ohio. Chestnut oak stems with
greater than 2 cm DBH, however, are more likely to survive
such a fire according to the nomograin.

Based on our equations, Fig. 7 suggests that red maple
populations would be much more negatively affected by sur-
face fires than chestnut oak populations. Historically, Ohio,
Hills forests burned frequently, a process that largely ceased
in the early to middle decades of the 20th century (Suther-
land et al. 2003). Since that time, red maples and associated
speues have increased substantially in abundance, resulting
in a general increase in forest stem density. Concomitantly,
oaks have regenel ated poorly except on the driest sites. Poor
oak tegeneration is indicated by the bimodal frequency dis-
tribution in Fig. 7. A surface fire of very hlgh (for this re-
gion) intensity and residence time (~ 1000 kW/m, t=305) is
also repreeented in Flg\ 7. .

Our  equations, based on typical surface-fire intensities
(50—:.000 kW/m), could be used to predict tree mortality be-
fore ﬁr;s are- prescnbed Several assumptlons must be made,
however, (1) We ignore variation in heat flux around steins
induced by the interaction between flame flow and cylindrical
tree stems (e.g., Gutsell and Johnson 1996). Because uneven
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heating is an increasing function of tree diameter and the
velocity of fluid flow across a stem and because partial vas-
cular cambium necrosis can contribute to tree death, our
equations will underestimate stem mortality as diameters in-
crease. (2) Where fuel loading varies spatially, an assumption
of constant fuel loading might lead to inadequate predictions
of stem mortality. For instance, litter is redistributed among
forest patches in Appaldchian hardwood forests (Boerner and
Kooser 1989). Consequently, trees in different patches would
experience a larger range of heating regimes during fires
than might be assumed. Ryan and Frandsen (1991) describe
concentrations of duff at the base of large ponderosa pines
{(Pinus ponderosa Dougl. ex P. & C. Laws.) and extended
basal heating during fires, a situation that would result in
substantial bias in stem mortality predictions if not consid-
ered. (3) If a stem is invulnerable to surface flames, it still
can be killed by canopy heating (Dickinson and Johnson
2001). (4) Stem death does not mean tree death if a stem
sprouts from the root collar, a’ well-known characteristic of
oaks and also common in red maples. (5) Wider firelines, es-
pecially in high-intensity fires, may result in greater radia-
tive heat transfer to boles, though the data by Wotton et al.
(1999) suggest our firelines were of adequate width (and,
therefore, the coefficient in eq. 13 is representative). (6)
Fire-behavior models would have to give accurate predic-
tions of fire intensity and flame residence time in various
weather and slope conditions. Variation in fire behavior
across a forest and uncertainty with respect to bark thickness
mean that actual predictions should be stated as probabilities
rather than as thresholds. (7) Finally, we assume that flame
residence time at the bole surface is equal to the flame resi-
dence time in the fuel bed, but this may not be true in cases
where shifting wind causes either infrequent or extended
flame contact with the bole. ‘

‘We do not know how broadly our resuits can be applied to
other tree species. Although the range of moisture (28%—
83%) and diameter (3—-17 cm) were reasonably large, only
two deciduous species were targeted in these experiments.
Species with different bark moistures or thermophysical
properties might respond differently to the range of fuel
consumption and heat flux generated by our experimental
flames.

Conclusion -

The strong correlation between the time-integrated heat
flux and depth of necrosis indicates that time-integrated heat
flux itself is a good estimator of potential depth of necrosis
and, if heat flux is roughly uniform around the bole, of stem
death in the species studied. A combination of fire intensity
and flame residence time at the stem provides the best corre-
lation between fire behavior and tissue necrosis. If the depth
of necrosis is greater than bark thickness by a small amount,
it is likely that the vascular cambium will be damaged or
completely killed. Given known relationships between tree
diameter and bark thickness (Fig. 6), and a better under-
standing of heat transfer to trees during fires, it may be pos-
sible to use the relationship in eq. 13 to predict stem and tree
mortality in fires of known intensities and residence times
over areas large enough that local effects, such as burning
slash or shrubs, may be averaged out. An ability to predict
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stem and tree mortality would be especially useful for plan-
ning prescribed burns.
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