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PRESCRIBED SURFACE-FIRE TREE MORTALITY IN SOUTHERN OHIO: 
EQUATIONS BASED ON THERMOCOUPLE PROBE TEMPERATURES 

Daniel A. Yaussy, Matthew B. Dickinson, and Anthony S. Bova† 

ABSTRACT.—In the spring of 2001, experimental prescribed burns were conducted on three 20- 
ha treatment areas in the Ohio Hills of southern Ohio. Each treatment area contained ten 20- 50- 
m plots on which every tree >10 cm in diameter at breast height was inventoried before the burns. 
The plots also were instrumented with thermocouple probes which recorded probe temperature 
every 2 seconds during the burn. Tree mortality on the plots is described and compared with 
predictions from a series of physically based equations describing the flames, stem heating, tissue 
necrosis, and stem death. Equations for bark thickness and crown volume were developed for 13 
species to help predict the ability of a tree to survive the heat from a fire. Fire effects are inferred 
from thermocouple probe temperature regimes and a calibrated probe heat budget. The equations 
provide a means of linking an important fire effect (stem death) with fire behavior and 
thermocouple data. 

Prescribed fire has been suggested as a method to ensure the sustainability of the upland oak ecosystem of 
the Central Hardwoods region by controlling thin-barked, competing species such as red maple (Sutherland 
1997). Bark serves as insulation, but thinner bark, present on smaller trees or thin-barked species makes a 
stem more susceptible to mortality from the heat applied to the lower bole by surface fires. Heat from 
intense flames penetrates the bark and kills the cambium, often resulting in fatal injuries. Research in 
western conifer forests has shown that cambium damage and crown scorch due to surface fires are closely 
associated with tree mortality (Reinhardt and Ryan 1989). It is assumed that bark thickness is the 
mechanism by which species differ in resistance to heat from surface fires. 

Smoldering duff can heat root systems to the point of necrosis and subsequent mortality (Sackett and Haase 
1992). Few models relate fire behavior to tree mortality in eastern hardwood forests. Absent a severe spring 
drought in this region, the duff does not dry sufficiently to allow burning or smoldering. After placing 
probes 1 cm below the soil surface, Iverson and Hutchinson (2001) recorded a maximum temperature of 
27.6ºC. In this paper we investigated only mortality due to aboveground heat from surface fires. 

Bark thickness equations exist for tree species in the Central Hardwoods region, but most predict diameter 
inside bark given diameter outside bark at heights at or above 1.37 m (Hengst and Dawson 1994; Hilt and 
others 1983). We developed models for bark thickness below 1.37 m and crown diameter for 13 hardwood 
species. Stepwise logistic regression was used to estimate tree mortality based on measured or calculated tree 
variables, fire variables (derived from thermocouple readings), and combinations of the two. 

Methods 
The data used here were collected for two separate studies: the Ohio Hills site of the Fire and Fire Surrogate 
(FFS) study and the Ohio Hills National Fire Plan project (OHNFP). As part of the OHNFP, we used a 
digital micrometer to measure the thickness of three bark wedges chiseled from trees at 0, 15, 50, and 137 
cm. Minimum and maximum crown width were measured by laser range finder for each tree to develop a 
linear equation for estimating average crown diameter based on DBH for each of the 13 species (Table 1). 

A two-stage estimation process was used to develop an empirical model of lower bole bark thickness based 
on DBH since the measurements for an individual tree are not independent. In the first stage a nonlinear 
model of bark thickness by height for each tree was developed. In the second stage, DBH was used to 
predict the coefficients of the stage-one model for each species. Combining these models results in an 
equation for predicting species-specific bark thickness based on DBH for any height near the base of a tree. 

†Supervisory Research Forester (DAY), Research Ecologist (MBD), and Physicist (ASB); Northeastern Research 
Station, USDA Forest Service, 359 Main Road, Delaware, OH 43015. DAY is corresponding author: (740)368- 
0101 or dyaussy@fs.fed.us. 
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The FFS study encompasses 13 sites throughout the United States. At each site the same core variables are 
collected to evaluate the mechanical removal of biomass to simulate the effects of fire in ecosystems that 
developed with low-intensity, high-frequency fire regimes (Weatherspoon 1999). At each site, four 
treatments (control, mechanical removal, prescribed fire, and a combination of prescribed fire and 
mechanical removal) were replicated 3 times. The replications at the Ohio Hills site are in southern Ohio 
on the Raccoon Ecological Management Area (REMA), and the Tar Hollow (TAR) and Zaleski (ZAL) State 
Forests. Each 20-ha treatment area within each replication contains ten 20- by 50-m plots on which 
vegetation is sampled. Pretreatment measurements were taken in the summer of 2000 and prescribed 
burning was conducted in late March and early April of 2001. Post-treatment data were collected in 2001 
and 2002. Because we are concerned with the effect of heat from prescribed fires on the mortality of 
overstory trees, we have included only the data from the areas that were burned but not thinned to reduce 
the confounding of mortality associated with factors such as logging damage and compaction. Only plots 
and trees with the full range of variables were used. 

On the vegetation plots, we recorded the species of each tree more than 10 cm DBH as well as DBH, 
mortal status, height to the base of the live crown (hbc), total height, and three crown variables before 
treatment (Table 2). Two years after treatment, we recorded mortal status, and height of bark char. Crown 
assessment measurements were adapted from the North American Maple Project and consisted of: 

Fine twig dieback, i.e., branch mortality that begins at the terminal portion of a limb and progresses 
inward: 

0 = no or trace dieback present 
1 = less than 10 percent 
2 = 10 to 25 percent 
3 = 26 to 50 percent 
4 = 51 to 75 percent 
5 = 76 to 100 percent 

Defoliation — an estimate of the amount of foliage removed by chewing insects or foliar pathogens. 
The same scale for crown dieback was used. 

Vigor — an impression of overall crown health. Vigor differs from dieback and defoliation in that it 
estimates what is not present. For example, a recent windstorm may have caused crown breakage and 
removed a portion of a crown: 

1 = 10 percent or less branch or twig mortality, foliage discoloration, crown area missing, or 
abnormality present 
2 = 11 to 25 percent of the crown missing/injured 
3 = 26 to 50 percent of the crown missing/injured 
4 = 51 to 75 percent of the crown missing/injured 
5 = 76 to 100 percent of the crown missing/injured 

During the prescribed fires a data logger located at the center of each plot recorded the temperature (every 2 
seconds) of a rigid stainless steel rod with a thermocouple encased at the tip (Fig. 1). From these 
temperature readings we constructed the maximum temperature attained by the probe during the fire as 
well as the length of time the temperature remained above 30ºC, a level somewhat above ambient air 
temperature. Few temperature profiles were recorded during the fire at TAR due to user error in deploying 
the data recorders. Almost all data recorders worked at the REMA and ZAL replications. Only data from 
plots which recorded temperatures were used in this analysis (Table 3). 

With the equations for bark thickness and crown diameter, we were able to assign a bark thickness at 15 cm 
(representative of the area affected by surface fires) and crown dimensions to each tree from the FFS study 
based on pretreatment species and DBH measurements. The crowns of the trees were represented by 
ellipsoids based on crown length and width. 
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While Byram (1959) demonstrated the relationship 
between a subjective estimate of flame length and 
fireline intensity, a method of Bova and Dickinson 
(2003), was used to estimate Byram’s fireline intensity 
from the maximum temperatures recorded by the 
temperature probes located in the center of each 
vegetation plot. The interaction between flames, 
winds, and tree boles cause uneven heating on 
different sides of larger trees, leading to an 
underestimation of mortality for those trees. As such, 
this method may be expected to work better for small 
trees that do not interrupt the fluid flow sufficiently to cause significant uneven heating. Bova and 
Dickinson (2003) have developed an equation that relates the depth of cellular necrosis in living trees to 
Byram’s intensity. If this estimated depth was greater than bark thickness, cambial tissue likely would be 
killed, and stem death was predicted. 

Height of crown scorch was calculated with Bova and Dickinson’s (2003) estimate of intensity and with the 
equations of Van Wagner (1973). An estimate of the percentage of the crown that was scorched by the fire 
was calculated for each tree in the plots based on scorch height, hbc, crown length, and crown volume. 

A forward stepwise logistic regression was used to evaluate the ability of the variables, actual and 
constructed, to predict overstory tree mortality on the vegetation plots of the Ohio Hills site of the FFS 
study. Variables included measurements, calculations, and combinations of crown health, DBH, bark 
thickness, depth of necrosis, crown scorch, intensity, and char height (Tables 2-3). 

Results 
Statistics for the bark- and crown-dimension dataset and the FFS dataset are presented in Tables 1 and 2, 
respectively. Coefficients for the linear regression of crown diameter by DBH are listed in Table 4 for the 13 
species in this study. 

Graphs of several of the height-thickness relationships suggested fitting an exponential function for the first 
stage of the bark thickness equation: 

BT = a + b * exp(c * height) 

where: 
BT = Bark thickness estimated by regression 
a, b, and c = Regression coefficients. 

The intercept term was not significant and was dropped so that the final model fit to each tree was: 

BT = a * exp(b * height). 

Table 3. —Mean and standard deviation (SD) of FFS plot-level data used in logistic regression (plots: n=22) 

Maximum Duration Byram’s fire Height of Depth of 
temperature intensitya crown scorcha necrosisa 

Mean SD Mean SD Mean SD Mean SD Mean SD 

ºC seconds kw/m m cm 
162.445 (51.269) 729.818 (380.849) 140.547 (53.605) 3.940 (1.006) 0.431 (0.091) 

a Values calculated from modeled data; all other variables were measured. 

Figure 1.—Schematic of field installation of 
temperature probe. 
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The second stage used DBH to predict the coefficients of the stage one model for each species. Graphical 
observation suggested: 

â = c + d * DBH^e 

where: 
â = First-stage coefficient to be estimated by second-stage regression 
c, d, and e = Regression coefficients. 

Again the intercept was not significant and the final model fit to each species was: 

â = c * DBH^d. 

DBH was not correlated to the “b” parameter; therefore, the mean within each species was used. 
Combining these models results in an equation to predict species-specific bark thickness based on DBH for 
any lower bole height: 

BT = c * DBH^d * exp(b * height). 

Coefficients for these models also are listed in Table 4. The models differentiate bark thickness by species; 
beech (Table 1 includes common and scientific names) and red maple having the thinnest bark while 
hickory and chestnut oak have the thickest (Fig. 2). Sassafras appears to develop thick bark slowly but 
continually. 

The final logistic regression model contains the variables for which the coefficients differed from zero at the 
0.05 level. These include dieback, duration, depth of necrosis to bark thickness ratio (depth-to-thickness), 
and char height, none of which was correlated (r > 0.500). The model is of the form: 

Pm = 1-1/(1+exp(-8.6622+1.4091*dibak+0.00215*duration+3.1740*dtratio+0.4649*char)) 

where: 
Pm = Probability of mortality 
dibak = Fine twig dieback 
duration = Length of time the temperature of the probe remained above 30ºC (seconds) 
dtratio = Depth-to-thickness ratio 
char = Char height. 

These variables allow the model to attain a rank correlation of 0.730 (Somer’s D statistic). 

Table 4.—Regression coefficients for crown diameter and bark thickness models 

Species Crown diametera Bark thicknessb 
b

0
 b

1
 b c d 

Red maple 2.885 0.212 -0.003 0.899 0.680 
Sugar maple 1.662 0.308 -0.002 0.984 0.770 
Hickories 1.753 0.141 0.002 1.810 0.778 
Dogwood 1.594 0.286 0.000 2.447 0.271 
Beech 3.632 0.213 -0.005 0.519 0.719 
Yellow-poplar 2.440 0.102 -0.004 2.044 0.668 
Blackgum 1.765 0.248 -0.001 1.851 0.632 
Sourwood 1.979 0.166 -0.001 1.073 0.617 
White oak 0.331 0.261 -0.002 1.843 0.600 
Scarlet oak 0.700 0.193 -0.004 3.351 0.504 
Chestnut oak 1.665 0.181 -0.004 4.391 0.498 
Red oak 1.002 0.227 -0.007 3.291 0.557 
Sassafras 2.336 0.079 -0.002 0.630 1.143 
aCrown diameter = b

0
 + b

1
 * DBH. 

bBark Thickness = c * DBH^d * exp(b * height). 
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Discussion 
The DBH ranges of many of the species in the FFS dataset extend well beyond those of the dataset used to 
create the crown diameter and bark thickness equations (Tables 1-2). However, the models are well behaved 
within the range of tree sizes expected to be affected by fire, and are assumed to be applicable to the entire 
range of FFS data. 

Forward stepwise logistic regression allows the user to see which variables or sets of variables add 
significantly to the prediction of mortality. All variables are assessed singly for their contribution to 
reducing the variability of the model. As new variables are entered, the remaining variables are reassessed 
based on their contribution to the new, larger, model. Dieback reduced the variation slightly more than 
vigor and was introduced to the model first. Once dieback was included, vigor no longer contributed much 
to the reduction of variance. Thus, although vigor was more highly correlated to mortality than all other 
variables except dieback, it was not included in the final model. 

The five beech trees in the FFS dataset had the greatest predicted depth-to-thickness ratio and the largest 
predicted percent crown scorch (Table 2), yet none of these trees died. Bark char was lowest for beech, 
indicating that fire intensity at each bole may have been low compared to plot-level predictions. Beech had 
the shortest mean hbc. The relatively large crown with low limbs gives the trees high shade tolerance and 
may provide resistance to fire by protecting the boles from fuel build-up. If the lower limbs are killed in a 
fire, these trees still may have sufficient crown to maintain adequate photosynthesis—but also a higher 
probability of mortality in subsequent fires. 

If these five beeches are removed from the dataset, percent crown scorch and depth of necrosis minus bark 
thickness (depth minus thickness) enter the model. Depth-to-thickness ratio and depth minus thickness are 
highly correlated and only depth-to-thickness ratio should be included in the model. This formulation of 
the data and model improved the predictive capability only slightly (Somer’s D = 0.740). 

Logistic regression typically is used to model tree mortality (Stringer and others 1989; Regelbrugge and 
Smith 1994; Reinhardt and Ryan 1989; Ryan and others 1988) Another method for modeling the effects of 
surface fire on tree mortality is stepwise discriminate analysis. This method results in identical independent 
variable selection and similar predictive capabilities. 

Figure 2.—Bark thickness at 15-cm 
height by DBH for 13 hardwood species. 
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Conclusion 
Measured and estimated variables were used to construct a logistic model to predict mortality of trees two 
years after a prescribed fire in southeastern Ohio. The most significant indication of tree mortality 
following fire is the health of the tree prior to the fire. If the tree is under stress, as indicated by crown 
dieback or vigor assessments, it may be more susceptible to mortality with the added stress of fire effects. 
Equations were developed to estimate species and DBH specific bark thickness and crown structure. These 
estimates, along with estimates of heat transmission processes, added to the predictive ability of a logistic 
model. However, effective strategies may have evolved in tree species with thin bark, such as beech, to limit 
the build-up of fuels from around their boles enabling them to survive surface fires. 

Estimates of fire intensity and duration from a single point are associated with the likelihood of mortality of 
trees up to 25 meters from the point, but can be refined, somewhat, with rough surrogates for intensity 
(char height) measured at each tree. More accurate models will be possible with microsite estimates of 
intensity possibly based on fuel loading and climatic conditions. 
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