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ABSTRACT: Fire temperature was measured during several prescribed fires in a mosaic
“of prairies and oak woods within the Indiana Dunes National Lakeshore using temperature-
sensitive paints on aluminum tags and mica sheets. Aboveground temperatures were
highest in the prairies, often exceeding the melting point of the aluminum tags, and lower
in the oak woods. Belowground temperatures, measured by painted mica sheets, were
higher in the oak woods than in the prairies. Tree crown mortality was correlated with fire
temperature and tree diameter. The results demonstrate high spatial variability in temper-
ature during single burns in this mosaic of plant communities. This variation results from
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Fire is now recognized as an important
factorin maintaining many vegetationtypes,
making prescribed burning an essential
management tool for natural areas. Howev-
er, to understand fire effects in areas of
diverse vegetation one needs a detailed
knowledge of the variation in intensity of
fires. '

The intensity of a fire can be extremely
variable within and between burns, even
when such factors as seasonality and vege-
tation type are constant. Weather variables
preceding and during a fire can make the
difference between a creeping, smoldering
fire and a dangerous conflagration. Tem-
perature can be highly variable even within
a single fire event in vegetation with ho-
mogenous fuel loads, because of such fac-
tors as preheating of fuel, wind shifts, fire-
generated winds, and hour-to-hour chang-

es in temperature and humidity.

Measurements of Fire Severity

Variability within a fire complicates the
analysis ofits effects. Many different meth-
ods for monitoring fires have been devel-
oped, the most accurate of which is the
direct and continuous temperature mea-
surement using thermocouples (Wright and
Bailey 1982). This method works best in
documenting temperatureeffectsina small
areaandisideally suitedto the study of heat
injury on individual plants, However, the
necessary equipment for documenting the
spatial variability inherent in a large fire is
inordinately expensive.
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differences in fuel characteristics and the pattern of fire spread. While each community
_ type had its own distinctive temperature profile, temperatures were highly variable among

P - _ o plots within the same community type.
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or from estimations of observed flame
lengths (Rothermel 1972, Burgan and Ro-
thermel 1984). Fuel models are essential
for quickly estimating the fireline intensi-
ties and rates of spread for wildfires. How-
ever, these models must assume that fuel
loads have little spatial variability. In some
plant communities— for example, homog-
enous stands of chamise (4denostoma fas-
ciculatum) or a flat prairie — these models
work well. However, in a complex mosaic
of different fuel types, they are not well
suited for analysis of the spatial variability
of fire effects.

Heatrelease froma fire also can be estimat-
ed using measures of fuel load before and
aftera fire (Brown et al. 1982, p.3), or from
the effects on a passive heat absorber such
as water cans (Moreno and Oechel 1988).
These methods are well suited for fire
measures within a complex habitat. How-
ever, taking these measurements at hun-
dreds of locations would require a great
investment of time.

An alternative to the above methods is the
direct measurement of temperature at hun-
dreds of points within the fire, Tempera-
ture-sensitive materials (Silen 1956), espe-
cially paints (Howard et al. 1960, Fonteyn
et al. 1984, Hobbs et al. 1984, Stott 1986),
have been widely used for these types of
measures. Stinson and Wright (1969) re-
port that values obtained in fires in natural
fuels in this manner have a high correlation
with values measured by thermocouples.
We report the results of our efforts at
Indiana Dunes National Lakeshore to quan-
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tify fire temperature using a series of tem-
perature-sensitive paints. The method we
describe is reasonably inexpensive, costing
about $100 to produce about 500 tempera-
ture monitors. Positioning of hundreds of
monitors could be accomplished in less
than one day, enabling their use with only a
24-hour advance notice of a burn.

The Study Area

Howes Prairie is an area of high species and
community diversity in the Indiana Dunes
about 1 km south of Lake Michigan and
southeast of the town of Dune Acres. The
vegetation in the burn area is a complex
mosaic of wet prairie, mesic prairie, oak
savanna, and oak forest communities on
sand dunes at the southern end of Lake
Michigan. The wet prairie is often flooded
in the spring and dominated by bluejoint
grass (Calamagrostis canadensis), mead-
owsweet (Spiraea alba), and willow (Salix
gracilis) with scattered aspen (Populus trem-
uloides). The highly diverse mesic prairie
contains abundant little bluestem (Andro-
pogon scoparius), big bluestem (4. gerar-
dii), Indian grass (Sorghastrum nutans),
marsh blazing star (Liatris spicata), rattle-
snake master (Eryngium yuccifolium), and
tall coreopsis (Coreopsis tripteris). The
oak woods range from savanna-like dry
oak woods dominated by black oak (Quer-
cus velutina) and sassafras (Sassafras albi-
dum), to mesic woods with abundant white
oak (Quercus alba), red maple (Acer
rubrum,) and black cherry (Prunus seroti-
na) (Cole and Pavlovic unpubl. data). The
understory vegetation in the oak woods and
mesic woods is predominantly Pennsylva-
nia sedge (Carex pennsylvanica) and late
low blueberry (Vaccinium vacillans). Tax-
onomic nomenclature in this paper follows
Swink and Wilhelm (1979).

METHODS

Prescribed Fires and Plot Design

Between 1986 and 1990 eight prescribed
research fires were studied using the tem-
perature monitors described herein. This
article focuses on the results of two 18-ha
burns that took place at Howes Prairie on
April 18, 1986 and April 9, 1988.

The burn area is located near a forested
residential development, yet because of the
high quality of this rare habitat, it is not
desirable to use mechanized fire suppres-
sion and maintain firebreaks. Despite these
limitations, the resource management staff
from Indiana Dunes National Lakeshore
were able to plan and conduct safe burns
with minimal disturbance to the prairie and
to maintain the required smoke dispersal
over Lake Michigan.

The fires were ignited by starting a backing
fire at the northeast perimeter (see Figure
1) under the influence of a 2 to 4 mph
southeast to southwest wind. Fire ignition
teams gradually circled the east and west
perimeters of the burn area, igniting flank-
ing fires. After several hours the ignition
teams met at the south perimeter and ignit-
ed a headfire. The backing fire, flanking
fires, and headfire all converged near the
south-central portion of the burn area. This
ignition sequence was used to ensure fire
safety rather than for any specific experi-
mental reason. However, the variety of fire
types created by this sequence produced
the effects of different fire types, thereby
simulating the variety inherent in wildfires
occurring in the area.

Weather during the fires was continuously
monitored using a portable weather station
equipped to monitor wind direction, wind
speed, temperature, and humidity. Temper-
atures recorded during the fires ranged
from 1810 24°C. Relative humidities ranged
from 58 to 41%. The higher temperatures
and lower humidities occurred in the early
afternoon, late in the development of the
fires and while the southern portion of the
area was burning (Klick 1988).

Measurements of fire type, flame length,
and rate of spread were made at many
observation points along the fire perimeter.
However, these measures could notbe made
at interior plots, especially within the in-
tensely burning central portion. Small-scale
wind shifts created occasional backing fires,
flanking fires, and headfires in all portions
of the study area, making fire type classifi-
cation by area difficult.

The study area was stratified into four
community types: wet prairie, mesic prai-

rie, oak woods, and mesic woods. Within
the burn area forty cylindrical (5.24-m
radius, 100 m?) permanent vegetation plots
wererandomly located within the four strat-
ified community units. These plots were
monitored annually, beginning in 1983,
measuring the tree, shrub, and herbaceous
vegetation. The complete vegetational ef-
fects of these fires (see abstract in Cole et
al. 1990) will be the subject of future arti-
cles. Half of the burn area (low frequency
treatment) was burned every other year
(1986, 1988), while the other half (high
frequency treatment) was burned annually
(1986, 1987, 1988).

Aboveground Temperature
Measurement

Aluminum tags (20 x 85 x .2 mm; available
from Forestry Suppliers, Inc., and other
sources) were painted with stripes of tem-
perature-sensitive Tempilac® paint (avail-
able from Tempil, Big Three Industries,
Inc., South Plainfield, NJ 07080) with tem-
perature values arranged at intervals from
93°Cto 538°C. The melting point of alumi-
num at 660°C provided an additional mea-
sure of temperature.

Tests in a muffle furnace demonstrated that
the thin tags warmed to near the ambient
temperature in less than one minute (Cole
1986). However, because aluminum is a
heat conductor, the temperatures recorded
on the tags incorporate both temperature
and a small element of residence time re-
quired to heat the tag. Although the heating
of the aluminum tag and the large intervals
between paint strips make this method less
accurate than thermocouple measurements,
the tags provide an inexpensive quantitative
measure of temperature that can be used to
compare different locations within a fire.

The aluminum tags were attached to sam-
pling stakes at 15.24-cm intervals. In our
initial efforts (1986), we transported metal
stakes to plots and attached the tags using
metal wire. However, experimentation dem-
onstrated that fresh-cut saplings did not
burnin the fires and were easier to transport
to the plots. Furthermore, the tags could be
quickly attached to the sapling stakes with a
staple gun, and the removal of saplings of
woody species furthered our management
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objectives elsewhere in the park. Suitable
stakes were derived from straight saplings
of sassafras, aspen, cherry, and oak cut from
thickets outside of the study plots. Three
stakes were placed along the perimeter of
each of the 40 vegetation plots and at other
critical points within the burn area.

Nested anﬁlysis of variance (Sokal and
Rohlf 1981) was used to test for tempera-
ture effects (1988 burn) between commu-
nities (wet and mesic prairie, and oak and
mesic woods), between fire frequency treat-
ments (burned in 1986 and 1987 versus
1986 only), and among plots (nested fac-
tor). Temperature values in this analysis of
variance were the average of four values
between 15 and 107 cm above ground. A
nonparametric Mann-Whitney U test was
used to analyze the variability in tempera-
ture between communities. A probit analy-
sis (Sokal and Rohlf 1981) was used to
determine temperature effects on crown
mortality of trees of different diameters.

Belowground Temperature
Measurement

Sheets of mica were cut into blocks mea-
suring 20 X 6 cm, onto which a series of
different paints with melting points rang-
ing from 55°Cto 538°C were striped. Eighty
of these mica tiles were then inserted into
the ground so that 2.54 cm remained above
thelitter~humus interface. Temperature was
then measured as the distance below the
humus surface that various temperature
paints melted.

RESULTS

Spatial Variability of Temperatures

Temperatures varied greatly between fire
events mostly because of changes in vege-
tation type and weather. However, temper-
atures also were highly variable within
individual fires as parameters such as fire
movement versus wind direction or slope
direction changed (Figure 1). In general,
within any specific community type, tem-
peratures were higher within the fire center
than near the perimeter, owing to preheat-
ing of fuel and winds generated by updrafts
as the fire flanks converged at the center.
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Figure 1. Three-dimensional view of an 18-ha burn area showing mean temperaturc recorded at45 cm height
in four different natural communities in an April 9, 1988 fire. Each column represents the mean of the peak
temperatures recorded by three sensors within a vegetation plot. Ignition was initiated at point A. Flanking
fires were set around the circumference to point B. Wind was from the southeast until late in the fire when
it shifted to a northwesterly direction. '
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Figure 2, Profiles of mean peak temperature in four community types. Note scale change at ground level. The
highest aboveground temperatures occurred in the wet prairie, while the highest belowground temperatures
occurred in the mesic woods.

Nested analysis of variance demonstrated  (F, 5,=2.41, p>0.1) were detected.
significant differences between communi-
ties (F, 3,=23.29,p<0.001) and among plots
withincommunities (F,, ,5=2.10,p=0.005).
No significant differences in tempera-

tures between fire frequency treatments

Temperature Variability by Height
and Community

The different fuel arrangements in distinct
-communities affected flame height and the

Volume 12 (4), 1992

Natural Areas Journal 179




consequent temperature profile (Figure 2).
Tall grass cover in the wet and mesic prai-
ries produced high temperatures, and alu-
minum tags sometimes melted at heights
greaterthan 1 m. Low, creeping fires in oak
woods often only burned leaf litter, some-
times producing no hightemperatures above
20 ¢m when burning downhill.

Belowground temperatures were lowest in
the prairie communities. Although abun-
dant litter existed within the prairies, only
the top surface was burned because of the
moisture remaining from several rain events
preceding the fire, especially in the wet
prairie. In general, the closer the communi-
ty to the water table, the wetter the litter and
the less the humus was heated. Litter in the
wet prairie, normally wet to flooded in the
spring, was rarely charred in spring burns.
In addition, fire may sweep through grass-
lands faster, resulting in less residence time
and producing lower soil temperatures
(Bentley and Fenner 1958).

The highest soil temperatures were ob-
tained in portions of the mesic oak woods
where high fuel accumulations caused in-
tense, but highly variable soil tempera-

tures. In these plots, most of the litter was
burned off, and the temperatures averaged
133°C at a depth of 2 cm in the underlying
humus.

Although each community type had a char-
acteristic temperature profile, significant
between-plot variability occurred within
each type. Within-plot variability due to
localized fuel accumulations and random-
ly blown flames touching the sensors was
smoothed by calculating a mean from the
three sensors at each height in each plot.
These mean values from each plot were
then used to obtain the between-plot mean
and standard deviations shown in Figure 3.
Despite the smoothing of the within-plot
variability, significant between-plot vari-
ability within each community type is seen
as the large standard deviations evident in
Figure 3 and from the results of the analysis
of variance. Statistical discrimination be-
tween prairie and wooded communities
was possible at most heights, but differen-
tiation between the mesic prairie and wet
prairie, or between the mesic woods and
oak woods, was less significant (see lower-
case letters of Figure 3). Differentiation
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Figure 3. Between-plot means and standard deviations of peak temperatures within four community types.
Lowercase letters denote significant differences at the 0.05% level as determined by application of the Mann-
Whitney U test. This nonparametric rank test was used because of disparities in variances between the

populations.

between the fire intensities inthe mesicand
wet prairies would probably have been im-
proved if the tags had not melted at 660°C,
imposing an artificial upper limit to the
peak temperature measuremerts.

Temperature Effects on Trees

Variations in fire temperature correlated
with some vegetational effects, the most
visible being top-killing oftrees. The Howes
Prairie area had not burned for over 20
years (Taylor 1990) when our first pre-
scribed burn occurred in 1986. The abun-
dant saplings that had invaded the prairie
during those 20 years provided ample data
on the relationship between fire tempera-
ture, tree diameter, and tree mortality. Most
ofthese were top-killed by this first fire, so
subsequent burns provided little additional
data.

An analysis of the fire effects on 197 black
oak trees demonstrated a correlation be-
tween peak temperature recorded on 37
plots, tree diameter, and the percentage of
trees that were top-killed by the fire (Figure
4). Because low flames could melt even the
highest temperature paint on the lowest
tags (15 cm above the ground), these tags
were an unreliable predictor of tree mortal-
ity. The highest tags (107 cm) were often
unaffected by the flames. A better predictor
of tree mortality was developed by averag-
ing values from tags at four heights (15, 45,
76,and 107 cm) to calculate a “temperature
index” used in the axis of Figure 4. This
temperature index most likely corresponds
to sustained high temperatures near the tree
bole, but the melting of the lowest tags at
660°C necessitated its use.

Data on tree mortality and the calculated
temperature index were used in a probit
analysis (Sokal and Rohlf 1981) to calcu-
late the LDSO0 (lethal dose for 50% of the
individuals) for the tree size classes. The
LD350 ofthe smallest trees (2.5to 5 cm dbh)
was calculated to be 183°C, while it was
366°C for the medium (5 to 10 cm dbh)
trees. These measurements must be viewed
as minimum measures because peak tem-
peratures may have been higher than the
highest melted paint, yet not high enough
to melt the next paint in the series. No
medium-sized trees (5 to 10 cm dbh) were
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Figure 4. Probit analysis showing the percent of black oaks top-killed in an April 18, 1986 fire at Howes
Prairic. Data is grouped into three tree size classes and six ditferent classes of average temperature between

15 and 107 cm height (sce text).

top-killed without the lowest tag (15 cm)
exceeding the melting point of aluminum
(660°C).

Low fires with flame lengths less than 15
cm rarely killed any but the smallest seed-
lings and saplings. Saplings with a dbh of
2.5 to 5 cm were easily killed in moderate
fires with flame lengths around 30 cm,
whereas larger trees (5 to 10 cm dbh) re-
quired a hotter fire. Mature trees (> 10cm
dbh) were only top-killed by the most in-
tense fires where flame lengths were not
observable but temperatures exceeded
660°C above 107 cm.

Total mortality of trees (both shoots and
roots killed) was rare compared to top-
killing (crown mortality) of trees. During a
four-year period, areas with two and three
burns averaged 3.7% and 3.6% total mor-
tality of black oaks per year, respectively.
These numbers can be compared to 2.1%
mortality per year on an unburned control
area during the same period. Tree mortality
in the burn areas may have increased after
the 1988 summer drought (Cole and Pav-
lovic unpubl. data).

Comparison with Fuel Load Sampling

Measures of fuel loading were taken adja-
cent to several of the study plots. Five
measurements of herbaceous fuel loading
in the wet prairie (reported by Konz and
Stanley 1988) were taken adjacent to five
plots. This portion of the wet prairie burned
atsome of the highest temperatures record-
ed in this study. The herbaceous fuel load-
ing averaged 2.99 kg/m? (1.21 tons/acre).
Almostall ofthe herbaceous matter burned
inthe fires, but very little of the moist litter
was consumed. No postfire sampling was
conducted in the prairie.

Pre- and postfire sampling of woody mate-
rial and litter was conducted in the mesic
woods. Total downed woody material and
herbaceous material (including litter) was
sampled using the methods described in
Brown (1974) and was reported by Stanley
(1988a and 1988b). Preburn (18 days be-
fore the fire) woody fuel loading at eight
stations in the mesic woods averaged 22.7
kg/m? (9.22 tons/acre), and postburn mea-
sures (two days after the fire) averaged 27.1
kg/m?(11.0tons/acre). Preburn herbaceous
(litter) samples in the mesic woods aver-

aged 2.51 kg/m? (1.02 tons/acre) and post-
burn samples averaged 0.61 kg/m? (0.25
tons/acre).

Comparison of the fuel load measurements
with fire temperatures was possible for

three study plots adjacent to the fuel sam-

pling stations in the mesic woods (Figure
5). These measurements suggest that there
was a high correlation between the amount
of leaflitter in a plot, the percentage of this
leaf litter consumed by the fire, the woody
fuel load, and the temperature measured at
the plot, although additional measurements
would be beneficial.

The significant combustion of fine fuelsin
both the prairie (herbaceous fuels) and the
forest (leaf litter) seem to contradict the
comparatively low consumption (or sur-
prising increase) in woody fuels. This is
explained by the brief warm-dry burning
periods that usually occur in northern Indi-
ana. If a burn is planned, any brief warm-
dry spell must be used because extended
dry spells are rare. A few days of warmth
willdry out the fine fuels, but larger woody
fuels remain moist. Following the initial
fuel load measurements (and perhaps after
the fire), branches can fall off of trees,
potentially making the postfire measure-
ments higher than the prefire ones. Be-
cause only 24- to 48-hours’ notice is possi-
ble before a fire, extensive measurements
of fuel immediately prior to a fire cannot be
taken. During this hectic period, most per-
sonnel are busy preparing the fireline.

DISCUSSION

Effective temperature monitors

The variability in temperatures measured
during these studies emphasizes the need
for an accurate method of monitoring fires
at remote sites, that is, sites that cannot be
visually assessed during large burns. The
statistical analysis of fire “treatments” as-
sumes that all the vegetation within the
experimental treatment receives similar
impacts. This is rarely true, because fire
behavior in all but very small fires is quite
complex, complicating the task of statisti-
cal comparisons between different treat-
ments (e.g., seasonality).
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Figure 5. (A) Average temperatures recorded at 46-cm height for three plots in the mesic woods are
compared to (B and C) fuel load measurcments taken before and after the fire from stations nearby the three
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Our failure to detect differences between
plots having one versus two years of fuel
load may be attributable to the low produc-
tivity of these plant communities on sand,
where there is a minimal buildup of fuel
loads in only two years. The high variability
between plots may be caused by differ-
ences in community type (fuel load type),
slope, aspect, wind speed, wind direction,
and location within the fire.

The monitors described herein are only a
first effort at developing a standardized
temperature monitor. Furtherresearch com-
paring other designs and different methods
such as fuel load sampling would be advis-

able. For the assessment of large fires in
diverse habitats, the rapid positioning of
many monitors may be more important
than the accuracy of individual monitors.
In this study we found that the variability
encountered within each 100-m? plot ne-
cessitated the use of at least three arrays of
several monitors each. The monitors de-
scribed in this article are inexpensive and
several hundred can be placed within a
burn area by two persons with only a single
day’s notice. Use of these monitors was
easier than other methods such as fuel load
sampling, and they do not disturb the veg-
etation of a permanent plot.

The biggest drawbacks to the use of alumi-
num tags may be the melting of the tags at
high temperatures and charring of the paint
from smoke (Wright and Bailey 1982).
Charring can be minimized by orienting
the tags with the paint on the upper surface.
A thin cover of mica may prevent charring
(Stott 1986), or the paint may be placed on
mica sheets to prevent melting. However
the temperature monitors are constructed,
they must be inexpensive and easy to de-
ploy to ensure adequate coverage in a fire.

Creation and Perpetuation of
Vegetation Mosaics

Many of the vegetation patterns in natural
communities are the result of differential
fire disturbance in the past. A particularly
severe fire in a natural community that
rarely burnsis likely to leave its mark on the
resultant vegetation for more than a centu-
ry (Rowe and Scotter 1973). Persistent
mosaic patterns in chaparral have been
attributed to past fires (Bradbury, 1977).
As a result, variable fire intensities may
give rise to subsequent patterns in the veg-
etation that may defy understanding with-
out data on past fire temperature.

Inaregion where some vegetationtypesare
fire-adapted, fire mosaics have a possibil-
ity of becoming self-perpetuating. A se-
vere burn may open up a portion of non-
fire-tolerant vegetation and allow invasion
of a fire-tolerant type. This fire-tolerant
vegetationmay then encourage future burns
in a self-perpetuating cycle if fire is not
excluded from the area. For example, the
prairie on the western sides of rivers in the
great plains {Gleason 1913) could have
resulted from severe burns long ago. Once
the forest was eliminated, the flammable
prairie would retard reinvasion of the forest
by producing high-temperature fires.

The characteristic temperature profile pro-
duced during the burning of a community
often serves to perpetuate that community.
For example, the low soil temperatures and
high aboveground temperatures seen in the
prairie communities in this study are ideal
for the perpetuation of herbaceous species
of those communities. Even though these
fires may occur annually, they cause little
harm to herbaceous plants with apical mer-
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istems and a seed bank just below the
ground surface in moist litter. However,
this type of frequent, intense fire isharmful
to woody plants with much biomass invest-
ed above the soil layer.

The future vegetation on small remnant
natural areas will ultimately be the best
testament to the effectiveness of our man-
agementtechniques. Although time may be
limited in the present for research on fire
effects, a record of fire history, including
an indication of temperature, could be ex-
tremely valuable in the future for under-
standing resultant vegetation patterns.

CONCLUSIONS

Inexpensive fire temperature monitors can

be constructed from aluminum tags and

temperature-sensitive paint. The use of these
monitors on prescribed burns at the Indiana
Dunes documented high variabilities in fire
temperature, which can be cortelated to
weather before and during the fire, commu-
nity type, fuel loads, and the dynamics of
individual fire events. Fire effects such as
tree mortality can be shown to correlate
with fire temperature and tree diameter.
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