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Abstract 

Multiple fires conducted in spring (March-April) and summer 
(June-July) on blue grama (Bouteha gmdis [H. B. K. Lag.]) 
grassland near Corona, N.M. were used to relate broom snake- 
weed (Gutierreziu sarohrue [Pursb] Britt & Rusby) control to 
pre-burn vegetation, weather, and fire conditions. Spring fws 
moved faster and burned cooler than summer fires as indicated 
by measurements from thermocouples giving the fire’s rate of 
spread, temperature, and beat. In spring, broom snakeweed was 
in the bud stage with little green foliage and fves provided less 
average crown destruction (8 %) and shrub mortality (65 %) com- 
pared to summer fws (66% crown destruction, 92% mortality) 
when the shrub was growing actively. Air temperature and total 
fuel biomass positively influenced fire temperatures, and dura- 
tion of beat above 6O’C resulting in high broom snakeweed mor- 
tality. Conversely, as relative humidity, wind speed, and fuel 
moisture increased, fue beat decreased, resulting iu less broom 
snakeweed mortality. Attempts to conduct spring or summer 
fires over a 6-year period in central New Mexico were complicat- 
ed aud often unsuccessful because of unsuitable weather and fuel 
conditions. We concluded ideal weather conditions must con- 
verge before, during, and after a prescribed burning event in 
order to maximii broom snakeweed control and forage growth 
on these grasslands. 

Key Words: shortgrass prairie, fw temperature, fue beat, tber- 
mocouples, controlled burning, prescribed fire, weed control 

Blue grama (Bouteloua grucilis [Kunth in H.B.K.] Lag. ex 
Griff~ths) grasslands of New Mexico include varying densities of 
the native shrub, broom snakeweed (Gutierrezia sarothrae 
[Pursb] Britt. & Rusby). This low-growing (less than 0.5 m tall), 
suffrutescent plant is considered undesirable by many landowners 
because it suppresses growth of associated herbage, which serve 
as preferred livestock and wildlife forage (Pieper and McDaniel 
1989, McDaniel et al. 1993). Broom snakeweed, which is poiso- 
nous, is generally not grazed by sheep or cattle unless alternative 
forage is scarce (Smith and Flores-Rodriguez 1989). 
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Broom snakeweed control by aerial herbicide application has 
been a common practice in New Mexico, especially since the reg- 
istration of picloram (4-amino-3,5,6-trichloro-2-pyridinecar- 
boxylic acid) in the early 1980s (McDaniel and Duncan 1987, 
McDaniel 1989). Chemical control has been concentrated on 
areas with high broom snakeweed numbers because the expected 
increase in grass production is more likely to provide a favorable 
economic return than treating areas with a sparse plant density 
(Tore11 et al. 1989). Prescribed burning has been used in areas 
where broom snakeweed is widely scattered and sufficient fine 
fuel exists to carry the fire (Dwyer 1969). Fine-fuel biomass on 
blue grama rangeland consists mainly of graminoids, which 
become limited under low rainfall, excessive grazing, and inter- 
ference from broom snakeweed (McDaniel et al. 1993). 

Experience with fire, especially under research conditions, is 
limited for the blue grama grasslands of New Mexico. Wright and 
Bailey (1982) gave a general prescription for burning low-volatile 
fuels typical of shortgrass prairie. They suggested burning a head- 
fire with air temperatures from 21 to 27°C; relative humidity, 
2m%; wind speed, 3.6-6.5 m&c; and wind direction from the 
southwest. Rasmussen and Wright (1988) offered a broader pre- 
scription for burning low-volatile fuel with at least 1,700 kg/ha of 
broom snakeweed. They suggested air temperatures, 15-32°C; rel- 
ative humidity, 154%; and wind speed, 2.2- 8.8 m&c. Burning 
under these conditions may provide the best opportunity for a fire 
to move across these grasslands, but quantitative measurements 
describing fire temperatures and behavior are needed before 
effects on plants targeted for control can be explained (Rothermel 
and Deeming 1980, Wright and Bailey 1982). 

Burning literature often describes shortgrass prairie fire temper- 
atures as simply “cool” or “hot.” These qualitative expressions are 
ambiguous, however, for explaining effects during and after pre- 
scribed bums (Wright and Bailey 1982). Jacoby et al. (1992) 
described a technique for measuring prairie fire temperatures 
with thermocouples and a portable, programmable high-speed 
high-capacity data recorder. Data acquired can be used to deter- 
mine rate of fire spread, duration of heat, or residence time 
(Rothermel and Deeming 1980) above a given temperature, fire 
temperature, and degree-seconds of heat. According to Stinson 
and Wright (1969), heat duration above a given temperature 
should relate better to plant damage than total temperature, as 
only heat above a plant’s thermal threshold may be lethal (Hare 
1961). Wright and Bailey (1982) reported plant tissue death to be 
an exponential function between amount and duration of heat if 
moisture is constant. They gave 60°C as the thermal death point 
for most plants when exposed for approximately 10 minutes. 

Our research investigated broom snakeweed control from fires 
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burned under a range of air temperatures (635°C) and fuel bio- 
mass conditions (570-1,364 kg/ha) typically found in spring 
(March-April) or summer (June-July) on blue grama grasslands 
in central New Mexico. Our objective was to relate weather and 
fuel conditions with fire characteristics to develop a burning pre- 
scription for broom snakeweed control in this region. 

Materials and Methods 

Environmental Setting 
Studies were conducted at 2 locations about 10 km apart on the 

New Mexico State University Corona Ranch, which is located 23 
km northeast of Corona, N.M. Average annual precipitation is 397 
mm, with more than one-half the rainfall typically received during 
localized thunderstorms between July and September. 
Experiments were established on level terrain at an elevation of 
about 1,870 m. The soils at both sites are comprised of the Taipa- 
Dean loam association, which are shallow and underlain by a 
highly calcareous limestone bedrock. The Taipa loam is a fine- 
loamy, mixed, mesic, Ustollic Haplargid, and the Dean loam is a 
fine carbonatic, mesic Ustollic Calcioathid. Broom snakeweed 
was the dominant overstory plant and ranged from 15 to 45 cm in 
height, with an average density of 3 plants/m*. Other common 
plants beside blue grama and broom snakeweed included winterfat 
(Cerutoides lanatu [Eursh] J.T. Howell), cholla (Opuntiu imbricu- 
ru [Haw.] DC), wolftail (Lycurus phleoides [H.B.K.], sand 
dropseed (Sporobofus cryptundrus [Torr.] A. Gray), squirreltail 
(Elymus longifolius [Smith] Gould), and threeawns (Aristida spp.). 
Broadleaf herbs were relatively uncommon, with scarlet globe- 
mallow (Sphuerulceu coccineu [Nutt.] Rydb.), and verbena 
(Verbena bructeutu Lag. & Rodr.) most abundant. 

Burns were conducted from 1990 through 1993 as headtires to 
20-by-26.5-m plots placed within 8-ha fenced exclosures at each 
site. A 6.7-m buffer was installed around each plot using a grader 
to remove vegetation and create a mineral fire break. We burned 
plots in either early spring (between 20 March and 6 April) or 
early summer (between 25 June and 8 July). We had intended to 
burn in fall (October), but there was always a high proportion of 
green-to-dead blue grama leaf material during this time, and fires 
would not carry. Blue grama was the primary fine fuel and was 
largely quiescent with little green growth during both burning 
periods in 1990 and 1991. In spring 1992, as well as summer 
1992 and 1993, blue grama was actively growing and high plant 
moisture (above 25%) prevented us from burning. We planned to 
burn in 1994 and 1995, but attempts in both spring and summer 
were unsuccessful, again because of high blue grama moisture 
and unsuitable weather conditions. Blue grama in the study area 
usually remains winter quiescent until soil moisture is sufficient 
and minimum soil temperatures exceed about 10°C at a IO-cm 
depth Under these conditions, blue grama generally initiates leaf 
and tiller growth in mid-April and will remain green throughout 
the growing season unless soil water becomes limiting, at which 
time the plant becomes summer quiescent. This usually occurs 
when rainfall is below the 60-mm average normally received in 
May and June; thus a burning window is created until expected 
rainfall is received in July. When we burned in spring, broom 
snakeweed contained mostly woody and flower material pro- 
duced the previous year, with little green tissue except for pri- 
mordial buds located on lower stems. During summer bums, shoots 

and leaves were fully elongated, as the majority of the annual vege 
tative growth broom snakeweed produces was complete. 

In preparation for burning each plot, ten 31.5-by-61-cm 
quadrats were permanently marked with metal stakes and placed 
along each of 2 transects located diagonally across each plot. 
Bare ground, litter, grass, forb, and broom snakeweed cover was 
estimated in the permanent quadrats as a proportion of 100% sur- 
face cover. Fine fuel and broom snakeweed biomass was deter- 
mined using double sampling procedures (Bonham 1989) by 
placing the 31.5-bydl-cm sample frame adjacent to the perma- 
nently marked quadrats. Two of 10 sample frames were clipped 
0.5 cm above the surface. This material was weighed in the field, 
oven-dried, and reweighed to determine fine-fuel and broom 
snakeweed moisture. Estimated weights were corrected to a dry- 
weight basis using the clipped material and regression techniques 
(Bonham 1989). Gravimetric soil moisture to a lo-cm depth was 
determined before burning by placing 6 random soil core samples 
per plot in separate air-tight containers and weighing them fresh 
and after oven-drying. Air temperature, soil temperature at 10 and 
50 cm, relative humidity, wind speed, and direction were record- 
ed throughout the study by permanently installed CR-10 multi- 
port data loggers’ placed near the center of each exclosure. 

In 1990 we conducted 6 spring (3 at each site) and 6 summer 
fires and obtained weather and pre-bum vegetation data, but we 
did not have an operational thermocouple system to record cer- 
tain fire measurements (average maximum thermocouple temper- 
ature, rate of spread, duration of heat, degree-seconds, and frontal 
fire intensity). In 1991, the thermocouple system was operational 
and we conducted 25 spring fires and 14 summer fires. In 1993,6 
spring fires were completed and fire measurements were record- 
ed. Fii temperatures were obtained by placing temperature-sen- 
sitive tablets’ and thermocouples at the comers of a 13-by-17-m 
rectangle centered around a fifth location near the middle of each 
plot. The tablets, with melting points ranging from 66” to 204°C 
at 27.6”C intervals, were attached to heat-retardant (asbestos) 
cloth and placed on the soil surface beneath the thermocouples. 
The thermocouples were fused to 30-m lengths of 24 awg glass- 
insulated type K (Chromel-Alumel) wire over-braided with stain- 
less steel3 and were attached to small metal stakes lo-cm above 
the soil surface to coincide with the average maximum fuel bed 
height as recommended by Jacoby et al. (1992). Thermocouple 
readings were received at half-second intervals by a portable mul- 
tiport data logger and transferred directly to a storage module4 
arrayed to record the year, Julian day, hour, minute, second, ref- 
erence ambient temperature, and fire temperature for each ther- 
mocouple. Details for programing our CR-10 unit and terminolo- 
gy used for describing fire measurements are similar to those 
given by Jacoby et al. (1992). The maximum fire temperature 
was calculated as an average of peak temperatures recorded 
across the 5 thermocouple locations. The computer recorded the 
time a specific thermocouple was reached by the fire front and 
the time it took to reach a downwind thermocouple, indicating 
rate of fire spread. Duration of heat was calculated as the average 

‘Campbell Scientific model CR-10 data logger powered by a solar recharged 
battery system. 

?empilstik, Tempil Div., Big Three Industries, Inc., Hamilton Blvd., South 
Plainfield, NJ. 07090. 

)Thermocouple wire and junctions were made by Omega Technologies Co., 
Box 4047, Stamford, Coon. 06907. 

4Campbell Scientific model CR-10 data logger and SM 192 storage module. 
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time in seconds the 5 thermocouples remained above 60°C. 
Amount of heat, expressed as degree-seconds, was derived from 
time-temperature curves prepared for each thermocouple, and 
computed by summing temperatures above 60°C and dividing by 
2, because measurements were made at half-second intervals. We 
then calculated Bryam’s (1959) frontal fire intensity equation 
using procedures described by Alexander (1982). Numerically, 
frontal fire intensity (kW/m) is the product of available fuel 
(kg/m*). heat yield of the fuel (Kj/kg), and the forward rate of 
spread of the fire front (m/s) (Roberts et al. 1988). We did not 
measure the heat yield of fine-fuel from our study area, but 
assumed the net heat of combustion for blue grama fuel to be 
16,000 Kj/kg as suggested by Clark (1983). A reduction correc- 
tion was made on this heat yield estimate using fine-fuel moisture 
obtained for each fire (Alexander 1982). Fire events were also 
hand-timed from initiation to last flame across the entire plot and 
expressed as total burn time. 

Before burning each plot, broom snakeweed plants were count- 
ed in the permanent quadrats to determine density. A thin, col- 
ored (telephone) wire was secured to the base of each plant for 
future identification, and the number of basal stems, height, and 
canopy diameter were recorded on each marked plant. One month 
after each burn the marked plants were revisited and the crown 
was noted as completely burned to the ground or not burned to 
the ground (stems charred but standing). Plants were also classi- 
tied as having no growth, aerial growth (green growth apparent 
on standing stems), or basal growth (meaning top was killed but 
green growth was evident near the base). A final determination of 
broom snakeweed mortality was made near the end of the first 
growing season (October) by averaging estimates made by 3 
observers who evaluated plant control in burned plots compared 
to nonburned plots. 

Explanatory variables used to relate weather and pre-bum veg- 
etation conditions to fire measurements during the spring and 
summer burning seasons are defined in Table 1. The dependent 
fire-related variables included maximum average fire temperature 
recorded by the thermocouples and temperature-sensitive tablets, 
rate of spread, total burn time, duration of heat, and degree-sec- 
onds of heat. Additional regressions were conducted with broom 
snakeweed mortality as the dependent variable, and to avoid 
multi-collinearity, with selected fire, weather, and pre-burn vege- 
tation measurements as independent variables. Linear and nonlin- 
ear regression routines and stepwise discriminate analyses (SAS 
1984) as suggested by Britton and Wright (1971) were used to 
compare the relative importance of the independent variables in 
accounting for the variation in broom snakeweed mortality. 

Results and Discussion 

Pm-bum Conditions 
The range of weather variables under which plots were burned 

in spring were air temperature, 4.4-24.8”C; wind 3-10 m/s; and 
relative humidity 1345% (Table 2). Fine-fuel biomass (mostly 
grass) varied from 176 to 850 kg/ha and broom snakeweed bio- 
mass varied from 16 to 2,510 kg/ha. Spring fine-fuel moisture 
ranged from 4 to 16%; soil moisture from 2 to 11%; and soil tem- 
perature at IO-cm depth, from 4 to 20°C. In summer, air tempera- 
ture ranged from 20.6 to 35.3”C; wind 3-8 m/s; and relative 
humidity 9-39%. Fine-fuel biomass varied from 290 to 786 
kg/ha; broom snakeweed biomass ranged from 59 to 1,500 kg/ha. 

664 

Table 1. Variables used in dehing vegetation, weather, and fire values. 

FFCOV 
sccov 
LlTCOV 
BGCOV 
FFBIO 
SCBIO 
TOTBIO 
GUDEN 
FFMOS 
SCMOS 
TOTMOS 
ATBMP 
STBMF 
RH 
ws 
WD 
SMOS 
TCT 

Variables Variable description 
Fine-fuel cover (%) 
Broom snakeweed fuel cover (46) 
Litter cover (46) 
Bare ground cover (%) 
Fine-fuel biomass @@ha) 
Broom snakeweed biomass (kg/ha) 
Total fuel biomass (kg/ha) 
Broom snakeweed density (noAn2) 
Fine-fuel moisture (%) 
Broom snakeweed fuel moisture (%) 
Total fuel moisture (%) 
Air temperature (C) 
Soil temperature 16cm depth (C) 
Relative humidity (95) 
Wind speed (m/s) 
Wind direction 

TST 
TBT 
ROS 
DOH 
DSH 
FFI 

Soil moisture (96) 
Average maximum thermocouple temperature at ltl-cm 

above soil surface (C) 
Average maximum tablet temperature on soil surface (C) 
Total bum time (min) 
Rate of tire spread (m/s) 
Duration of heat above 60 s 
Degree seconds of heat 
Frontal fm intensity (kW/m) 

Summer fine-fuel moisture ranged from 9 to 12%; soil moisture, 
2 - 13%; and soil temperature at lo-cm, 21- 33°C. 

Burning Conditions 
Blue grama grasslands in central New Mexico are inherently dif- 

ficult to burn under prescribed conditions because of unpredictable 
climatic conditions and a generally inadequate fuel source (Wright 
and Bailey 1982). Dried fine fuels necessary to carry the fire are 
often lacking in amount and continuity, and when grasses are SUG 
culent they will not burn except under extreme circumstances. For 
example, after repeated ignition efforts we found fires failed to 
move across plots even under high temperatures and windy condi- 
tions when the primary fine-fuel source, blue grama, was green and 
its moisture content exceeded about 25%. The presence of broom 
snakeweed can further exacerbate problems with burning, because 
as canopy cover increases, grass growth diminishes dramatically 
beneath and near the shrub (McDaniel et al. 1993); thus areas with 
excessive amounts of broom snakeweed (> 500 kg/ha) and low 
fine-fuel biomass (< 350 kg/ha) are often precluded from pre- 
scribed burning and are probably better suited for other means of 
control, such as herbicide spraying (McDaniel and Duncan 1987). 

On our study areas, pre-bum vegetation conditions including 
biomass, cover, and broom snakeweed density were similar when 
averaged across sites (data not shown), but conditions varied 
among specific plots and burning periods (Table 2). Fine-fuel 
moisture was usually lower in spring than in summer, but this 
material was easily burned when moisture was less than 15%. As 
expected, air and soil temperatures were higher in summer than 
spring. Wind speed was variable, but averaged about 5 mlsec and 
prevailed mostly from the west in spring, and more from the 
south in summer. Fire temperatures as measured by the tempera- 
ture-sensitive tablets ranged from 56 to 154°C (average = 103°C) 
in spring, and from 37 to 204°C (average = 131°C) in summer 
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Table 2. Range of weather and fuel conditions associated with burning periods on blue grama grasslands on the New Mexico State University Corona 
Research Ranch. 

1990 1991 A593- 
Spring Summer Spring Summer Spring 

Air temperature (‘C) 4-24 23-26 6-25 
Soil temperature @ K&cm (‘C) 4-23 21-26 6-18 
Soil moisture (%) 7-l 1 11-13 2-11 
Relative humidity (S) 19-26 14-26 13-45 
Wind speed (m/s) 3-5 5-7 3-10 
Pine-fuel biomass (kg/ha) 176-392 290-633 386-850 
Broom snakeweed biomass (kg/ha) 484-985 763-1500 16-977 
Fine-fuel moistute (%) 5-16 9-12 7-8 
Broom snakeweed moisture (%) 15-29 7-30 27-32 
Finefuel cover (%) 51-66 35-64 43-84 
Broom snakeweed cover (46) 11-19 12-24 3-30 
Bare ground (W) 17-30 15-38 9-36 
Litter (46) 1-13 l-6 l-8 
Broom snakeweed density (no/m2) 4-11 3-7 l-11 
Number of completed bums 6 6 25 

21-35 18-25 
24-33 1 l-20 

2-13 4-10 
9-39 12-14 
3-8 3-6 

338-786 500-783 
59-1110 276-2.510 
lo-12 4-10 
25-26 16-27 
44-88 16-21 

2-37 7-22 
9-35 lo-45 
1-13 1-7 
l-13 2-5 
14 6 

(data not shown). These temperatures are comparable to those 
obtained burning buffalograss (Buchloe dacryloides [Nutt.] 
Engelm.) prairie in Texas where soil surface temperatures aver- 
aged 104°C (Heirman and Wright 1973). Fire temperature mea- 
surements made with thermocouples placed lo-cm above the soil 
surface recorded hotter temperatures from being exposed to direct 
flame than the heat-sensitive tablets on the soil surface (Table 3). 
This agrees with Engel et al. (1989), who reported higher thermo- 
couple temperatures above the soil surface (15cm) than at the 
surface level. Tablet and thermocouple temperatures were corre- 
lated (r = .75), but thermocouple temperatures averaged about 
60% higher than tablets. Stinson and Wright (1969) reported 
tablets averaged 10% lower temperatures than thermocouple esti- 
mates when both were placed together on the soil surface. It 
should be noted there are discrepancies when recording fire tem- 
peratures from the tablets, because determining the melting point 
is diffkult and can only be read at 27.6”C intervals. 

Most of the burns were conducted in 1991 (39 of 57). During 
these bums spring fires usually moved faster across plots and 
generated less heat relative to summer burns, as indicated by the 
rate of fire spread and thermocouple temperatures (Table 3). On 
average, rate of fire spread was twice as fast in spring compared 

to summer and largely influenced the calculation of frontal fiie 
intensity, which was 44% higher in spring than summer. Duration 
of heat above 60°C averaged 37 set in spring and 49 set in sum- 
mer, which is less than the average 63 set reported when burning 
tahgrass prairie in Oklahoma (Engle et al. 1989). As indicated by 
degree-seconds of heat, summer fires generated more heat than 
spring fires. 

Table 3. Fire measurements associated with 1991 burning periods on 
blue grams grasslands on the New Mexico State University Corona 
ResearchRanch. 

Influence of Spring Burning on Broom Snakeweed 
Fuel material on broom snakeweed in early spring consists of 

numerous dried flowers and their supporting branches grown the 
previous year from the plant’s perennial semi-woody base. This 
standing material lacks leaves, except for primordial buds, and is 
highly combustible and readily consumed by fire, provided there 
is sufficient understory fine fuel to move the fire from plant to 
plant. During spring, the fire front moved rapidly through the 
crown, removing smaller desiccated material, but larger support- 
ing branches were often only charred and most shrubs (92%) 
were not burned completely to the ground (Table 4). This pre- 
sents a problem, because if the plant is not exposed to enough 
heat to consume the entire crown, broom snakeweed may survive 
by producing shoots from undamaged primordial buds located on 
lower stems. Of plants that survived spring burning (averaged 
over years and sites), most (94%) produced shoots from the basal 
area at or near the surface rather than from the outer reaches of 

Average maximum temperature (‘C) 
Thermocouple at IO-cm height 
Tablet at O-cm height 

Fii movement 
Total burn time (min)4 
Rate of spread (m/s) 
Frontal fm intensity (kW/m) 

Fire heat 
Duration of heat(s) 
Degree seconds of heat (‘C x s) 

‘N = 25. 
‘N = 14. 
3Means with standard error in parenthesis. 
‘hot size = 20 x 26.5 m. 

Spring’ P 

250 (12)3 291 (32) 
101 (6) 132 (12) 

1.9 (0.2) 5.8 (1.2) 
0.6 (0.1) 0.3 (0.1) 
4503 (394) 2535 (778) 

37 (3) 49 (5) 
10,701 (893) 16,014 (2,141) 

Table 4. Average broom snakeweed cmwn destruction and survival after 
spring and summer fii in 1990,1991, and 1993 on blue grama grass- 
lands on the New Mexico State University Corona Research Ranch. 

. . urolnepenod 
Spring Summer 

-------------_ (% of t&al Plan&) ----_______ 
Crown destruction 

Bnrned to ground 8 66 
Not burned to ground 92 34 

Plant survival 
Aerial regrowth 2 7 
Basal regrowth 33 1 
No regrowth 65 92 
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standing stems. Neither broom snakeweed survival nor crown 
destruction was found to be related to shrub size, vigor, or prox- 
imity of a broom snakeweed plant to another shrub (data not 
shown, Hart 1992). 

Fires moved easily across the landscape when fine-fuel mois- 
ture was below 15% (rate of spread averaged 0.6 m/s) and usually 
required only 2 to 3 mitt to bum entirely across a plot. Total burn 
time decreased proportionally with higher air temperatures (r = - 
0.32, P = 0.10) and tine-fuel biomass (r = 0.37, P = O.lO), but 
fires were slowed with increased bare ground (r = 0.35, P = 0.05) 
(Table 5). The rate of spread model indicated the importance of 
wind speed, which agrees with several researchers who have 
reported a positive influence of wind on flame movement (B&ton 
and Wright 1971, Hare 1961, Heyward 1938). For safety reasons, 
we restricted fires to wind speeds below 10 m/s. Fii movement 
was reduced in certain plots having exceptionally high broom 
snakeweed numbers, but overall broom snakeweed biomass was 
significantly (P = 0.001) and positively correlated to maximum 
average thermocouple temperatures (r = 0.62), duration of heat 
(I= 0.49), and degree-seconds of heat (r = 0.76). 

Broom snakeweed mortality after burning 39 plots in spring 
averaged 65% across years and sites, and ranged from 28 to 97% 
(Table 4). Wind speed was the only independent weather variable 
to account for a significant (r = -0.37, P = 0.05) amount of varia- 
tion in broom snakeweed mortality. Under higher wind speeds 
(about > 8 m/s), we observed the fire front to move rapidly 
through the shrub’s crown resulting in less bum-down, and sub- 
sequently fewer plants killed. Britton and Wright (197 1) reported 
a proportional increase in mesquite stem ignition when wind 
speed and fine-fuel amounts increased. However, we speculate 
that high winds in spring negatively influence broom snakeweed 
control, because heat delivered to primordial buds on lower stems 
is insufficient to kill this tissue. This agrees, in part, with the 
spring predictive equations derived from fire measurements 
(Table 6), which suggest relatively slow, hot tires that create a 
longer duration of heat resulted in greater broom snakeweed mor- 
tality. Spring fires with average maximum thermocouple temper- 
atures below 300°C reduced snakeweed by 50%, whereas temper- 
atures above 350°C reduced broom snakeweed more than 80%. 
Fires with a duration of heat above 60°C longer than 45 set (the 

Table 5. Estimated equations defining t?re measurements to pFeborn vegetation and weather conditions during spring and summer burning periods on 
the New Mexico State University Corona Research Ranch. Variables are defined in Table 1. 

Dependent 
variables 

Ave. max. temperature 
Thermocouple 

Tablet 

Fire movement 
Total bum time 

Rate of spread 

Fii heat 
Duration of heat 

Degree seconds 
of heat 

Soring 
Equation 

= 1.42 - 10.50 GUDEN + 0.12 SCBIO + 24.70 SMOS 
(34.24)a (5.03) (0.02) (5.31) 

= 149.84 - 10.00 GUDEN + 0.05 SCBIO+ 3.09 ATEMP - 5.57 STEMP 
(21.99) (2.56) (0.01) (1.W mw 

= 3.28 - 0.65 ATEMP - 0.03 FFBIO + 0.04 BGCOV 
(0.74) (0.02) (0.001) (0.01) 

= -0.17 + 0.03 WS + 0.004 FFCOV + 0.001 TOTBIO 
(0.18) (0.02) (0.01) (0.001) 

= 51.18 + 2.19 LITCOV - 0.82 GUDBN - 0.39 TOTMOS 
(9.33) (1.09) (0.75) (0.22) 

= 4805.36 + 10.635 TOTBIO - 926.319 GUDEN 
(1541.78) (1.19) (283.70) 

R2 

.71 

.57 

.49 

.35 

A0 

.72 

Dependent Summer 
variables Equation 

Ave. max. temperature 
Thermocouple = -629.87 + 0.20 TOTBIO + 25.40 ATEMP 

(108.53) (0.W (3.40) 
Tablet = -92.09 - 13.95 LITCOV + 15.35 ATEMP - 6.84 STEMP 

(55.02) (4.94) (1.93) (1.W 
Fii movement 

Total bum time = 36.84 - 0.006 TOTBIO - 0.91 ATBMP + 0.36 FFMOS 
(4.91) (0.002) (34.60) (0.194) 

Rate of spread = -2.41 + 0.01 WD + 0.05 ATEMP 
(0.484) (0.002) (0.02) 

Fire heat 
Duration of heat = -35.18 + 5.73 LITCOV + 0.04 TOTBIO + 1.77 ATBMP - 0.76 RH 

(21.23) (1.83) (0.01) (0.88) (0.48) 
Degree seconds 

of heat = -52207.60 - 175.24 BG + 16.10 TOTBIO + 1723.38 ATEMP 
(6289.56) (85.02) (2.35) (172.79) 

‘Numbers in brackets are the standard error of the estimates. 

R’ 

.88 

.88 

.81 

.79 

.87 

.94 
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Table 6. Estimated equations defining broom snakeweed mortality to preburn vegetation, and weather, ftre, and combined conditions during spring 
and summer burning periods on the New Mexico State University Corona Researc h Ranch. Variables are defined in Table 1. 

Data 
SOlUCe Equation 

Spring 
R2 

Pm-burn 
vegetation 
and weather 

Fii 

Combined 

= 102.01-4.01 WS + 1.73 ATEMP - 0.35 BG - 1.06 TOTMOS .47 
(15.15) (1.41) (0.31) (0.13) (0.36) 

= 21.33 - 8.84 TBT + 0.27 TCT + 1.99 WH - 0.007 DSH .33 
(19.6) (3.59) (0.69) (0.53) (0.001) 

= 9.20 + 0.34 TOTCOV - 3.% WS + 1.69 ATEMP + 0.44 DGH .55 
(15.25) (0.12) (1.52) (0.37) (0.19) 

Data 
SOurCe 

Pre-bum 
vegetation 
and weather 

Fii 

Combined 

Summer 
Equation 

= 193.33 - 1.70 ‘IUl-MOS - 2.89 WS - 1.85 RH 
(20.50) (0.47) (1.43) (0.31) 

= 43.12 + 0.33 TST + 0.54 DOH - 0.002 DSH 
(7.18) (0.09) (0.27) (0.001) 

= 84.84 + 0.21 FFCOV - 4.05 WS - 1.13 RH + 0.54 DOH 
(23.57) (0.19) (1.43) (0.40) (0.17) 

R2 

.80 

34 

.90 

upper end of durations obtained) reduced broom snakeweed by at 
least 70%; those with durations shorter than 45 set gave highly 
variable results. Frontal fire intensities varied from 1,078 to 
13,093 Kw/m, but no significant correlation was found between 
this computation and broom snakeweed mortality. 

Inthence of Summer Burning on Broom Snakeweed 
Low fuel moisture conditions are a prerequisite for fire to move 

across blue grama grassland. This situation in summer, however, 
results from low soil moisture and grasses that are stressed. 
During summer quiescence, blue grama consists mainly of dead 
dried leaf and stem material, but the crown usually remains green 
near the soil surface. In contrast, broom snakeweed usually 
remains green and turgid unless soil water is exceptionally limit- 
ing, in which case the shrub will shed leaf and small stem materi- 
al (DePuit and Caldwell 1975). Under normal growing conditions 
in central New Mexico, most annual leaf and stem growth on 
broom snakeweed is complete by early June, and the shrub is eas- 
ily ignited. We observed that most plants (66%) immersed in 
flame burned completely to the ground and later died (92% aver- 
age mortality, Table 4). Surviving shrubs usually did not ignite 
totally and escaped complete crown bum-down. 

During summer bums thermocouple fire temperatures were 
particularly sensitive to the amount of total fuel available and air 
temperatures (Table 5). For example, on plots burned below 30°C 
having a total fuel biomass below 750 kg/ha, average maximum 
fire temperatures recorded by the thermocouples ranged from 
106” to 217’C (x= 145°C). By comparison, fire temperatures on 
plots burned above 30°C with more than 750 kg/ha total fuel bio- 
mass ranged from 385 to 519°C (x= 435°C). Regression models 
combining only air temperature and total fuel biomass accounted 
for more than 80% of the variation in thermocouple temperature, 
total bum time, duration of heat, and degree-seconds of heat. 
Bare ground negatively influenced heat produced when burning, 
and when combined with air temperature and total fuel biomass 
in a regression model, they collectively accounted for 94% of the 
variation in degree-seconds of heat (Table 5). 

On average, summer tires that generated average maximum soil 

surface (tablet) temperatures above 125°C and durations of heat 
above 60°C for longer than 45 set reduced broom snakeweed 
96% (Fig. 1). Combining these 2 fire measurements with degree- 
seconds of heat in a regression equation accounted for 84% of the 
variation for explaining broom snakeweed mortality (Table 6). As 
expected, relative humidity (r = -0.83, P c .Ol), wind speed (r = - 
0.21, P. < .05), and total fuel moisture (r = -0.16, P < .lO) nega- 
tively influenced broom snakeweed mortality during summer 
burning because they are negatively related to fire intensity 
(Scifres 1980). Conversely, the positive influence of fine-fuel 
cover (r = 0.25, P c 0.5) and air temperature (r = .72, P c 0.01) 
produced fires with a longer duration of heat (r = 0.75, P < 0.01) 
and greater broom snakeweed control. No significant correlations 
were found between broom snakeweed mortality and variables 
related to fire movement, including rate of spread, total bum 
time, and frontal fire intensity. We noted a trade off, however, 
with fires that killed all broom snakeweed but were probably too 
hot and resulted in grass damage the first and second growing 
season after burning (Hart 1992). A simple linear regression 
between average maximum thermocouple temperatures and post- 
burn grass biomass showed a negative relationship (r = -0.43, P < 
0.01) as fire temperatures recorded by the thermocouples above 
350°C particularly damaged blue grama (Hart 1992). 

Management Implications 

There are many potential drawbacks to conducting prescribed 
bums for broom snakeweed control on blue grama rangelands. 
Indeed, Wright and Bailey (1980) argued the use of fire does not 
produce major beneficial effects in this ecosystem, except in spe- 
cial situations where it is desirable to control shrubs, improve 
livestock distribution, or remove litter that has stagnated plant 
growth. 

When burning shortgrass prairie under prescribed conditions, 
Wright and Bailey (1982) recommended head fires be started 
when relative humidity is 20-40%, air temperature is 21-27°C 
and wind is 4-7 m/s. Over our 6-year study period (1990-1995). 
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Tablet Fire Temperature(C) 

401 
10 20 30 40 so 60 70 

Duration Of Heat (see) 

Fig. l.Relationship between average maximum temperature at 
ground level (a) and duration of beat (b), to percent broom snake- 
weed mortality during summer burning on the New Mexico State 
University Corona Research Ranch. 

we rarely experienced the ideal weather conditions provided for 
by this prescription. On our study area, spring air temperatures 
are rarely above 20°C and winds from tbe southwest often exceed 
10 m/s. In summer, air temperatures and relative humidity usually 
do not coincide witbin the prescribed range except at night. We 
did not attempt night burning, but for purposes of burning witbin 
the Wright and Bailey prescription, this possibility should be 
investigated. Burning was further complicated by the availability 
and continuity of fine fuel, and this material was often too moist 
to bum satisfactorily. Thus, an effective controlled fire must often 
be generated outside the Wright and Bailey prescription by com- 
pensating either with high wind speeds, reduced relative humidi- 
ty, or elevated air temperatures. While fire containment and safe- 
ty are major concerns when burning outside the prescription, 
there are biological problems as well. For example, burning under 
high wind speeds can move the headfm too rapidly through the 
shrub’s crown, especially in spring, to damage primordial buds 
on lower stems, thus a relatively high percentage of broom snake- 
weed plants will survive. As air temperatures elevate in summer, 
fire temperatures and duration of heat increase and result in a 
high percentage of broom snakeweed killed. However, if fires 
generate too much heat, then direct damage to grasses can be 
severe, especially if above normal precipitation does not occur 
after the fire (Hopkins et al. 1948, Launchbaugh 1972, Dwyer 
and Pieper 1967). Reducing post-burn plant cover exposes a 
higher percentage of bare soil, which enhances the probability of 
later broom snakeweed germination and establishment (Carroll 
1994, Wood et al. 1996). 

With the above considerations in mind, we recommend the pre- 
scription for burning blue grama grasslands for broom snakeweed 
control be modified so that air temperatures are from 22 to 28°C; 
relative humidity, lO-20%; soil moisture 3-10%; wind from the 
soutnwest, 3 - 8 m/set; and tine-fuel moisture below 15%. When 
blue grama grasslands are burned to control broom snakeweed, 
success is ultimately governed by heat generated during the bum- 
ing event, which is a product of weather and fuel conditions 
under which the fire is conducted (Wright and Bailey 1980). Fuel 
attributes that influence the rate of spread of a fire and heat pro- 
duced depend primarily on the quantity and uniformity of the fuel 
source, as well as the degree of fuel desiccation (Scifres 1980). 
Inherent limitations in both the quantity and consistency of the 
fine-fuel source presents a problem with burning blue grama 
grassland at any time of the year. In central New Mexico, prevail- 
ing southwest winds in spring have relatively warmer air temper- 
atures than from other directions, and as indicated by a positive 
relationship to maximum average thermocouple temperatures (r = 
0.60) and degree-seconds of heat (r = 0.41), are likely to produce 
hotter fires than with winds from another direction. While there 
are weather difficulties in producing spring fires with sufficient 
heat to bum and completely eliminate broom snakeweed, such 
limitations do not occur with summer burning. The major limita- 
tion we encountered when burning in summer was actively grow- 
ing blue grama that would not ignite. When this fuel was desic- 
cated (moisture below 15%) it was easily burned. 

Because of the problems enumerated above, we believe pre- 
scribed fire as an intervention tool for managing broom snake- 
weed on blue grama grasslands presents a risk that may be unac- 
ceptable to many. For example, a successful bum will probably 
require grazing deferment the growing season before and at least 
one season after the burning event (Wright and Bailey 1982). 
There is little certainty that weather will cooperate to produce the 
needed pre-bum fuel conditions. Just as important, weather may 
not meet prescribed conditions during the desired burning period. 
An uncontrollable factor of paramount importance is having suf- 
ficient precipitation after the burning event to promote herba- 
ceous growth. Thus, only when ideal weather events converge is 
fire likely to provide the desired outcome of controlling broom 
snakeweed and increasing wanted forage. 
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