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Weed Control Using an Enclosed Thermal Heating Apparatus

Jared A. Hoyle, J. Scott McElroy, and J. Jack Rose*

Weed control by heat or flaming typically uses flames to burn small weeds, directed away from desired crops. This research
studied an enclosed flaming system for weed control before turfgrass establishment. Field research trials were conducted to
explore the efficacy of a PL-8750 flame sanitizer at two application timings. Treatments included various application
methods of PL-8750 flame sanitizer and common thermal and chemical weed control methods. Data were weed control
relative to the control treatment. Species evaluated included carpetweed, Virginia buttonweed, spotted spurge, large
crabgrass, goosegrass, old world diamond-flower, cocks-comb kyllinga, and yellow nutsedge. Turfgrass establishment was
not successful in summer but was successful in fall. Fall-application timing trials resulted in . 60% tall fescue
establishment at 6 wk after seeding (WAS) for all treatments. Summer-application timing trials resulted in unacceptable
turfgrass establishment (� 18%) for all evaluated turfgrass species at 6 WAS. Broadleaf and grassy weeds were better
controlled compared with sedge weeds. Overall, solarization; covered, emerged-weed flaming; and double applications of
covered, emerged-weed flaming were the most successful treatments. Solarization controlled carpetweed, Virginia
buttonweed, spotted spurge, large crabgrass, and goosegrass . 80% at 6 WAS. Weed control across thermal treatments
were equal to or greater than the comparison chemical treatment (dazomet at 389 kg ha�1). Results indicate thermal weed
control has potential for reducing weed populations before turfgrass establishment.
Nomenclature: Basamid; dazomet; carpetweed, Mollugo verticillata L. MOLVE; cocks-comb kyllinga, Kyllinga
squamulata Thonn. ex Vahl; goosegrass, Eleusine indica (L.) Gaertn. ELEIN; large crabgrass, Digitaria sanguinalis (L.)
Scop. DIGSA; old world diamond-flower, Oldenlandia corymbosa L. OLDCO; spotted spurge, Chamaesyce maculata L.
EPHMA; Virginia buttonweed, Diodia virginiana L. DIQVI; yellow nutsedge, Cyperus esculentus L. CYPES; tall fescue,
Lolium arundinaceum (Schreb.) S.J. Darbyshire.
Key words: Thermal weed control, methyl bromide alternative, emerged weed flaming, direct soil flaming, soil
solarization.

El control de malezas por calor o llamas usa t́ıpicamente llamas para quemar malezas pequeñas al tiempo que se evita el
cultivo deseado. Esta investigación estudió un sistema cubierto de llamas para el control de malezas antes del
establecimiento del césped. Se realizaron estudios de campo para explorar la eficacia de un desinfectante de llama PL-8750
en dos momentos de aplicación. Los tratamientos incluyeron varios métodos de aplicación del desinfectante de llama PL-
8750 y métodos comunes de control de malezas térmico y quı́mico. Los datos fueron control de malezas relativo al
tratamiento testigo. Las especies evaluadas incluyeron Mollugo verticillata, Diodia virginiana, Chamaesyce maculata,
Digitaria sanguinalis, Eleusine indica, Oldenlandia corymbosa, Kyllinga squamulata y Cyperus esculentus. El establecimiento
del césped no fue exitoso en el verano, pero śı lo fue en el otoño. Los estudios de momento de aplicación en el otoño
resultaron en un establecimiento .60% de Lolium arundinaceum a 6 semanas después de la siembra (WAS) para todos los
tratamientos. Los estudios de momento de aplicación en el verano resultaron en un establecimiento inaceptable del césped
(�18%) para todas las especies de césped evaluadas a 6 WAS. Las malezas de hoja ancha y zacates fueron controladas mejor
en comparación con las malezas ciperáceas. En general, solarización; suelo cubierto, control con llamas en malezas
emergidas; y aplicaciones dobles de suelo cubierto, control con llamas en malezas emergidas fueron los tratamientos más
exitosos. La solarización controló M. verticillata, D. virginiana, C. maculata, D. sanguinalis y E. indica .80% a 6 WAS. El
control de malezas térmico fue igual o mayor en comparación con el tratamiento quı́mico (cazonete a 389 kg ha�1). Los
resultados indican que el control térmico de malezas tiene potencial para reducir poblaciones de malezas antes del
establecimiento del césped.

Thermal weed control methods use heat to kill weed seeds
and emerged weeds (Bond et al. 2007). Techniques include
soil solarization (Horowitz et al. 1983), flame weeding
(Ascard 1995, 1997, 1998; Sivesind et al. 2009), infrared
radiation (Ascard 1998), steaming and hot water (Anonymous
1999; Barberi et al. 2009; Trotter 1991), direct heat (Ascard
et al. 2007; Hopkins 1936), electrocution (Vigneault et al.
1990), microwave radiation (Ascard et al. 2007), electrostatic

fields (Diprose et al. 1984), irradiation (Suss and Bacthaler
1968), lasers (Couch and Gangstad 1974; Heisel et al. 2002;
Mathiassen et al. 2006), and ultraviolet light (Andreasen et al.
1999).

One of the first thermal weed control methods, soil
solarization, heats soil by covering with plastic sheeting
(Horowitz et al. 1983). Soil solarization has been noted as a
nonchemical means of reducing weed seed populations (Egley
1983; Horowitz et al. 1983; Katan et al. 1976; Peachey et al.
2001; Rubin and Benjamin 1983; Standifer et al. 1984). Long
sun-exposure periods and increased ambient temperatures are
required for a sufficient time for effective solarization
(Standifer et al. 1984). Solarization has been used in
horticulture crops, including lettuce (Lactuca sativa L.) and
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garlic (Allium sativum L.) (Al-Masson et al. 1993), squash
(Cucurbita maxima Duchesne), and tomato (Solanum lyco-
persicum L.) (Abu-Irmaileh 1991) These high-value vegetable
crops can warrant the increased application cost of solarization
(Bell et al. 1988). Solarization has successfully controlled
annual bluegrass (Poa annua L.) (Bell and Laemmlen 1991;
Elmore 1991; Peachey et al. 2001; Standifer et al. 1984),
although not all weed species are susceptible (Egley 1990).
Many weed species have buried reproductive organs, which
make solarization an impractical weed control method (Bell et
al. 1988; Horowitz et al. 1983; Rubin and Benjamin 1984).

Most recently used in thermal weed control, flame weeding
uses an intense wave of heat to rupture plant cells (Bond et al.
2007; Hatcher and Melander 2003). Flame weeding typically
uses liquefied petroleum gas or propane as the fuel source to
create the intense flame (Ascard 1995). Flame-weeding
systems have been developed from handheld flamers for
small-scale vegetable production to tractor-mounted systems
for large-scale, row-crop flaming (Bond and Grundy 2001).
Factors influencing flame-weeding efficacy have been intensely
researched along with technical aspects of the burner
apparatus (Ascard 1994, 1995, 1997, 1998). Preemergent
crop flaming studies have demonstrated that susceptibility
varied among weed species and seedling size (Cisneros and
Zandstra 2008).

Most of the research has focused on open flame units that
seek to heat emerged plants (Ascard 1994, 1995, 1997, 1998;
Bond and Grundy 2001; Cisneros and Zandstra 2008).
Similar to flame weeding, direct heat applications apply flames
to the soil surface instead of to the emerged weeds. Direct heat
increases soil temperatures to the weed seed thermal death
point, which is the temperature at which a seed will not
germinate after heat application (Hopkins 1936). Many
factors influence the efficacy of direct heat, including targeted
weed species (Dahlquist et al. 2007; Egley 1990), planting
depth (Benvenuti et al. 2001), soil texture (Van Rooyen and
Winkerton 1959), soil moisture (Van Duin 1963), thermal
conductivity (Patten 1909; Smith 1942), soil chemical
properties (Bowers and Hanks 1962; Lang 1878; Ulrich
1894), and soil porosity (Ochsner et al. 2001). These factors
contribute to the large variation in efficacy.

We are currently exploring thermal weed control methods
using an enclosed heating apparatus (Figure 1). This
application method uses intense thermal heat from six 3.3
by 105 W h (watt hours) torches, individually reaching
approximately 1,121 C flame temperature. This method
applies a high intensity of heat for a short time duration
(approximately 5 s) depending on application speed. The
manufacture recommends operating at a speed of 0.8 kph and
fuel pressure 345 kPa. The shielded design can keep
combustion gases close to the ground (Bond et al. 2007).
The containment of the combustion heat in the enclosed
system decreases energy consumption and can allow for faster
application speeds (Bertram and Meyer 1996). The enclosed
heating apparatus (PL8750 flame sanitizer) can be used for
flame weeding, direct heat, or combinations of the two.

All thermal weed-control methods denature proteins by
heat (Parish 1990). Plant cell function is then lost, leading to
intracellular water expansion (Lague et al. 2001) and ruptured

membranes (Morelle 1993; Pelletier et al. 1995), ultimately,
resulting in death to emerged plants or seeds (Heiniger 1999;
Rahkonen and Jokela 2003; Rifai et al. 1996). Therefore,
selectivity between crop and weed species can only be achieved
through thermal heat placement.

Figure 1. (A and C) PL-8750 flame sanitizer demonstrating thermal weed
control. (B) 1.15 Btu h�1 burner.
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Although thermal heat placement can be effective in row
cropping systems (Melander and Rasmussen 2001), direct
heat and flame weeding are not acceptable in established
turfgrass systems. Scorching from thermal heat applications to
an established turfgrass system can reduce aesthetic and
functional quality. For any thermal weed-control method to
be effective in turfgrass systems, application must be
conducted before turfgrass establishment. PRE thermal weed
control kills the first flush of weeds, which is often the largest
weed-germination period during establishment (Cisneros and
Zandstra 2008). PRE thermal weed-control applications have
been successfully conducted in small-seeded, slow-germinat-
ing crops, such as onion (Allium L. spp.) and carrot (Daucus
carota sativus L.) (Ascard 1997). Turfgrass establishment by
seed is relatively slow, which allows weed seed to germinate.
Reducing weed seed populations by thermal heat before
turfgrass establishment would likely shift the competitive
advantage from weeds to turfgrass species. It is unknown
whether thermal weed-control methods are effective in
reducing weed populations before turfgrass establishment.

Studies were designed to test the efficacy of various thermal
weed control methods with an enclosed thermal treatment
unit before turfgrass establishment by seed on a variety of
weed species commonly found in turfgrass production
facilities. The response of many common turfgrass weeds to
thermal treatments has not been evaluated. Evaluated thermal
weed control methods included previously studied applica-
tions along with new adaptations. Results can provide insight
on thermal weed-control applications, along with the basis for
development of new, nonchemical weed-control methods for
turfgrass systems.

Materials and Methods

Field experiments were conducted at the Auburn Univer-
sity Turfgrass Research Unit located in Auburn, AL
(32834038.57 00N, 85829059.76 00W) to determine the effects
of various thermal weed-control methods on weed popula-
tions before turfgrass establishment. Field experiments were
initiated in summer and fall of 2009 and 2010. Dates of trial
initiation are referenced in individual timing sections.

Summer Timing. Seeded turfgrass species for summer timing
research trials were ‘Zenith’ zoysiagrass (Zoysia japonica
Steud.), ‘TifBlair’ centipedegrass [Eremochloa ophiuroides
(Munro) Hack] and ‘Sea Spray’ seashore paspalum (Paspalum
vaginatum Sw.). Zoysiagrass, centipedegrass, and paspalum
were seeded at 0.15, 0.3, and 0.3 kg of pure live seed (PLS)
per 100 m2, respectively. All trials were established on a
Marvyn loamy sand (fine-loamy, kaolinitic, thermic Typic
Kanhapludults) with a pH of 5.5 and 2.7% organic matter
(OM). Soil was tilled before treatment application. Treat-
ments were control (CON); soil-solarization (SOL); dazomet
(Basamid G soil sterilant, 389 kg ha�1, Certis USA LLC,
Columbia, MD 21046)(DAZ); direct soil flaming (DSF);
emerged-weed flaming (EWF), soil-covered, emerged-weed
flaming (CEWF); and repeat applications of EWF (23EWF)
and CEWF (23CEWF). Treatments were applied to 1.7 by
7.6-m plots arranged in a randomized complete-block design

with four replications. The CON was tilled 1 d before
turfgrass establishment. SOL used 6-mil, transparent, poly-
ethylene plastic (Husky Polyethylene Plastic, Poly-America,
Grand Prairie, TX 75051), covering the soil surface for 42 d
before turfgrass establishment. Transparent polyethylene
plastic has been found to be more efficient than other colored
films for soil solarization (Horowitz 1980; Horowitz et al.
1983). Dazomet was applied 21 d before seeding in
accordance to label recommendation. The DSF treatment
used a PL-8750 flame sanitizer (PL8750 Poultry House Flame
Sanitizer, Flame Engineering Inc., La Crosse, KS 67548)
(Figure 1). Direct soil flaming was applied 1 d before turfgrass
establishment at 0.8 kph to directly flame soil surface with no
plant vegetation present. Emerged weed flaming was
employed similar to DSF but allowing targeted weeds to
germinate and emerge for 21 d. After 21 d, EWF application
was applied to emerged weeds and soil surface 1 d before
turfgrass establishment. The 23EWF treatment was applied
the same as EWF, but weed species were allowed to emerge
for two 21-d periods with flame application after each
emergence period. The CEWF and 23CEWF treatments
were applied similar to EWF and 23EWF treatments. During
the 21-d germination and emergence period, germination
cloth (Seed Guard Fabric, DeWitt Co. Sikeston, MO 63801)
was applied to soil surface for CEWF and 23CEWF
treatments. Germination cloth minimized diurnal tempera-
ture extremes to increase stimulation of weed population
germination. All flame treatments were performed by a
tractor-mounted, poultry house flame sanitizer, PL-8750
flame sanitizer (Figure 1). Six parallel 1.15 Btu h�1 burners
were mounted at the front of the shielded thermal unit,
directing a 1,121 C flame (46 cm by 1 m) at a 458 angle onto
soil surface. The flame sanitizer used liquefied propane and
was operated according to manufacturer’s recommendations:
0.8 km h�1 (kph) and 345 kPa fuel pressure. Treatment
application timing was such that turfgrass seeding was on the
same day. Treatment regimes can be observed in Table 1.
Treatments requiring 42 d before turfgrass establishment
applications were initiated in late May 2009 and early June
2010. Turfgrass seeding was conducted July 17, 2009, or June
30, 2010. Two experimental runs were conducted in 2009
and 2010.

Fall Timing. Seeded turfgrass for fall-timing research trials
was ‘Rebel IV’ tall fescue. Seeding rate was 1.5 kg of PLS per
100 m2. Research trials for fall timing application were
conducted the same as previously stated with the exception of
the exclusion of the 23EWF and 23CEWF treatments. The
23EWF and 23CEWF treatments were excluded to ensure
recommended time of Rebel IV seeding. Soil solarization was
employed for fall timing application 21 d before turfgrass
establishment. Treatments requiring 21 d before turfgrass
establishment applications were initiated August 31, 2009,
and September 2, 2010. Turfgrass seeding was conducted
October 1, 2009, and September 22, 2010. Treatment
regimes can be observed in Table 2. Two total experimental
runs were conducted for fall application timing study with
four replications each.
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Data Collection and Analysis. Turfgrass cover was evaluated
visually at 6 wk after seeding (WAS) using a scale of 0 to 100,
where 0 is no turfgrass cover, and 100 is complete turfgrass
cover. Three randomized 1-m2 subplots were used for
individual weed species counts 6 WAS. Weed species
evaluated in summer-timing research trials by individual
counts were carpetweed, Virginia buttonweed, spotted spurge,
large crabgrass, goosegrass, and old world diamond-flower.
Percentage of control for each treatment was calculated
relative to control treatment within each replication and
experimental run using Equation 1:

%C ¼ ðN � T Þ=N½ � 1½ �
where C is control, N is the number of individual weed species
per square meter in the control treatment, and T is number of
individual weed species per square meter in the treated plot.
Percentage of control used a scale of 0 to 100, where 0 is no
weed control, and 100 is complete weed control. Because of
the increased number of cocks-comb kyllinga and yellow
nutsedge plants, line intersect analysis (36 intersections, 1-m2

grid) was used within same subplots to obtain percentage of
cover weed species. Equation 1 was used to obtain the
percentage of control of cocks-comb kyllinga and yellow
nutsedge with percentage of cover data. Because of the lack of
uniformity of other weed species, carpetweed and old world
diamond-flower were the only weed species evaluated in fall-
timing research trials.

Analysis was conducted separately for summer and fall
trials and for each evaluation method. ANOVA was
performed using PROC GLM procedure in SAS (SAS v.
9.2 for Windows; SAS Institute Inc. SAS Campus Drive,
Cary, NC 27513).

Contrast statements were conducted according to initial
objectives using PROC GLM. Contrasts included DAZ vs. all
thermal treatments (SOL, DSF, EWF, CEWF, 23EWF,
23CEWF); SOL vs. all other thermal treatments (DSF, EWF,
CEWF, 23EWF, 23CEWF); SOL vs. DSF; SOL vs. all
emerged, weed-flaming treatments (EWF, CEWF, 23EWF,
23CEWF); DSF vs. all emerged, weed-flaming treatments
(EWF, CEWF, 23EWF, 23CEWF); emerged, weed-flaming,
covered (CEWF, 23CEWF) vs. emerged, weed-flaming,
uncovered (EWF, 23EWF); and single, emerged, weed-
flaming treatments (EWF, CEWF) vs. double, emerged,
weed-flaming treatments (23EWF, 23CEWF) in summer-
timing trials. Contrast statements were conducted the same
for fall-timing research studies as for summer-timing trials,
excluding the 23EWF and 23CEWF treatments because
those treatments were not applied.

Results and Discussion

Summer Timing. Data allowed for pooling of weed control
over experimental runs and seeded turfgrass species. Control
of weed species by thermal weed-control methods is presented
in Table 3. Thermal weed-control methods and dazomet
resulted in various percentages of control relative to the
control treatment. At 6 WAS, greatest carpetweed control was
achieved by solarization (92%). Previous research alsoT
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reported excellent (100%) broadleaf weed control, including
Mollugo spp., by solarization (McSorley et al. 2009). The
23CEWF treatment controlled carpetweed 90%. All other
weed-control methods resulted in , 80% carpetweed control.
Dazomet controlled carpetweed the least (52%) at 6 WAS (9
wk after treatment [WAT]). Although Unruh et al. (2002)
reported 89% carpetweed control at 6 WAT, weed control by
dazomet diminished as time progressed, explaining the
reduction in control reported from our study.

The covered, emerged, weed-flaming treatments also
effectively controlled another small-seeded, summer, annual.
broadleaf weed—spotted surge (Table 3). Double (23CEWF)
and single applications (CEWF) of covered, emerged weed-
flaming resulted in 95 and 87% control, respectively. Similar
to carpetweed, dazomet preformed poorly for spotted spurge
control (38% control).

Two Rubiaceae species, Virginia buttonweed and old world
diamond flower, were common in the research areas.
Solarization and dazomet controlled Virginia buttonweed 95
and 94%, respectively (Table 3). Virginia buttonweed control
was , 75% by all other thermal weed-control methods. Old
world diamond-flower control (93%) was greatest by
23CEWF. Solarization provided 57% old world diamond-
flower control.

Solarization was an effective treatment on evaluated grass
weed species (Table 3). Solarization controlled large crabgrass
and goosegrass, 95 and 89%, respectively. Our findings are in

contrast to Rosskopf et al. (2010) who reported that
solarization treatment increased goosegrass populations.
Although previous results demonstrate that emerged flaming,
with an unshielded, thermal-treatment apparatus, is less
effective on grassy weeds than it is on broadleaf weeds
(Ascard 1994), we found excellent control of large crabgrass
and goosegrass by emerged, weed-flaming treatments, with an
enclosed thermal-treatment unit. Large crabgrass control was
94 and 95% with double, emerged, weed-flaming and
covered, emerged, weed-flaming treatments, respectively.
However both grass weed species were not effectively
controlled by direct soil flaming: 50 and 63% control for
large crabgrass and goosegrass, respectively.

Yellow nutsedge and cocks-comb kyllinga, both members
of the Cyperaceae family, were least influenced by evaluated
weed-control methods (Table 3). Reports have shown that
winter weeds are generally more susceptible to control by
solarization, whereas summer weeds, especially Cyperus spp.,
are generally more resistant (Egley 1983; Stapleton and
DeVay 1986). Cocks-comb kyllinga and yellow nutsedge
control by solarization was greatest, 72 and 67%, respectively,
even though reports show that yellow nutsedge or purple
nutsedge (Cyperus rotundus L.) cannot be controlled by
solarization (Elmore 1983). Tolerance of yellow and purple
nutsedge to thermal heat treatments is likely due to
underground reproductive tubers. Dazomet controlled yellow
nutsedge 61%, similar to what Unruh et al. (2002) found,

Table 2. Fall application treatment regimes for thermal weed control research trials.a

Timeb Treatment process

d SOL DAZ DSF EWF CEWF CON

21 Till soil and install
solarization plastic

Dazomet applicationc Till soil Till soil and install germination cloth

1 Remove solarization plastic Till soil and flame
application

Flame application Remove germination cloth and flame
application

Till soil

0 Turfgrass
establishment

Turfgrass
establishment

Turfgrass
establishment

Turfgrass
establishment

Turfgrass
establishment

Turfgrass
establishment

a Abbreviations: SOL, solarization; DAZ, dazomet; DSF, direct soil flaming; EWF, emerged weed flaming; CEWF, covered emerged weed flaming; CON, control.
b Days before establishing turfgrass species.
c Dazomet (389 kg ha�1).

Table 3. Effects of summer thermal weed control methods on weed control (%) relative to control 6 wk after seeding (WAS).a

Treatment

Weed controlb

MOLVE DIQVI EPHMA DIGSA ELEIN OLDCO KYSQ CYPES

%
1. Dazometc 52 bc 94 ab 38 d 88 ab 53 c 78 ab 54 ab 61 ab
2. Solarization 92 a 95 a 82 a 95 a 89 a 57 b 72 a 67 a
3. Direct soil flaming 47 c 70 bc 51 cd 50 c 63 bc 69 ab 33 b 50 ab
4. Emerged, weed flaming 82 a 62 c 61 bc 79 b 58 bc 85 ab 62 a 58 ab
5. Covered, emerged, weed flaming 80 a 71 abc 87 a 95 a 75 abc 77 ab 68 a 50 ab
6. 2 3 Emerged, weed flaming 75 ab 74 abc 76 ab 94 a 78 ab 74 ab 61 a 49 b
7. 2 3 Covered, emerged, weed flaming 90 a 75 abc 95 a 89 ab 61 bc 93 a 61 a 50 ab
LSD (0.05) 27 24 20 14 24 33 28 18

a Abbreviations: MOLVE, carpetweed; DIQVI, Virginia buttonweed; EPHMA, spotted spurge; DIGSA, large crabgrass; ELEIN, goosegrass; OLDCO, old world
diamond-flower; KYSQ, cocks-comb kyllinga; CYPES, yellow nutsedge; 2 3, conducted twice.

b Within columns, means followed by the same letter are not significantly different at P ¼ 0.05 level using Fisher’s Protected LSD test.
c Dazomet (389 kg ha�1).
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reporting 57 % sedge (Cyperus spp.) control. Yellow nutsedge
and cocks-comb kyllinga control was minimal by direct soil
flaming (50 and 33%, respectively).

Pairwise contrasts conducted on planned comparisons for
weed control following chemical and thermal weed-control
methods are presented in Table 4. Contrasts comparing
dazomet to pooled thermal treatment (SOL, DSF, EWF,
CEWF, 23EWF, 23CEWF) means were significant for
carpetweed (P ¼ 0.033), spotted spurge (P ¼ 0.001), and
goosegrass (P¼ 0.040). All other weed species were similar in
weed control at P ¼ 0.05 significance level, concluding that
thermal-treatment methods controlled the evaluated weed
species just as well or better than dazomet.

Solarization controlled (70% or greater) all the evaluated
weed species, except cocks-comb kyllinga and yellow
nutsedge. Contrasts confirm effective weed control by
solarization when compared with flame treatments (DSF,
EWF, CEWF, 23EWF, 23CEWF), DSF, or emerged, weed-
flaming treatments (EWF, CEWF, 23EWF, 23CEWF) for
all evaluated weed species, except old world diamond-flower.
Old world diamond-flower control by solarization was
approximately 20% less than it was by flame treatments,
DSF, and emerged, flaming treatments.

Within all the flame treatments, emerged, weed-flaming
treatments controlled all evaluated weed species greater than
approximately 70%, except cocks-comb kyllinga and yellow
nutsedge (Table 4). Emerged, weed-flaming treatments
controlled carpetweed, spotted spurge, large crabgrass, and
cocks-comb kyllinga better than direct soil flaming at P ¼
0.01, 0.001, 0.001, and 0.01 level, respectively. No difference
was observed in Virginia buttonweed, goosegrass, old world
diamond-flower, and yellow nutsedge control by direct soil
flaming and pooled, emerged, weed-flaming treatments.

Emerged, covered, flaming treatments (CEWF, 23CEWF)
vs. emerged, uncovered, flaming treatments (EWF, 23EWF)
resulted in increased spotted spurge control (91 compared
with 69%). No other differences were observed for other
evaluated weed species in pairwise contrasts between cover-
ings. Single, emerged, flaming (EWF, CEWF) vs. double,

emerged, flaming treatments (23EWF, 23CEWF) also
resulted in no difference. Covering plots before emerged
flaming only increased carpetweed control, and flaming twice
did not increase control of evaluated weeds.

Fall Timing. In general, all treatments were more effective in
controlling weeds before tall fescue establishment than at
summer timings (Table 5). Direct soil flaming and covered
weed flaming were top-performing weed control treatments
before tall fescue establishment. All fall-timing treatments
controlled carpetweed and old world diamond-flower . 86%
(Table 5). Covered, emerged, weed flaming controlled
carpetweed and old world diamond-flower 100% at 6 WAS.
All other treatments obtained greater than 94% carpetweed
and old world diamond-flower control, except dazomet,
which resulted in 86% old world diamond-flower control.
Old world diamond-flower and carpetweed control by direct
soil flaming was 99% for both species.

Pairwise contrasts were conducted on planned comparisons
for weed control following chemical and thermal weed control
methods (Table 5). No differences were observed for SOL vs.
pooled flame treatments (DSF, EWF, CEWF); SOL vs. DSF;
SOL vs. pooled, emerged flaming (EWF, CEWF); DSF vs.
pooled, emerged flaming; and EWF vs. CEWF pairwise
comparisons. Pooled thermal treatments (SOL, DSF, EWF,
CEWF) outperformed dazomet. Pooled thermal treatments
controlled carpetweed and old world diamond-flower 99 and
98%, respectively, which was different from that of dazomet
(94 and 86% control, respectively). Weed control across
thermal treatments were equal to or greater than the
comparison chemical treatment, dazomet.

Fall-timing, thermal weed-control applications were ob-
served to have increased control of evaluated weeds compared
with summer timing. Increased control is likely due to many
summer, annual weeds completing their life cycle as well as
their inability to establish at the fall timing. Furthermore, a
shift of the competitive advantage from the weed species to
turfgrass species could also have occurred. Cool-season
turfgrasses are known to establish quicker than do warm-
season turfgrass species (Turgeon 2002). Therefore, during

Table 4. Pooled treatment means and pairwise contrasta conducted on summer, thermal weed-control methods 6 wk after seeding (WAS).b

Treatmentc

Weed control

MOLVE DIQVI EPHMA DIGSA ELEIN OLDCO KYSQ CYPES

Contrast %

Dazometd (1) vs. thermal (2, 3, 4, 5, 6, 7) 52 vs. 78* 94 vs. 75 38 vs. 75*** 88 vs. 84 53 vs. 75* 78 vs. 76 54 vs. 59 61 vs. 54
SOL (2) vs. flame (3, 4, 5, 6, 7) 92 vs. 75 95 vs. 70* 82 vs. 74 95 vs. 81* 89 vs. 67* 57 vs. 80 72 vs. 57 67 vs. 51*
SOL (2) vs. DSF (3) 92 vs. 47** 95 vs. 70 82 vs. 51** 95 vs. 50*** 89 vs. 63* 57 vs. 69 72 vs. 33** 67 vs. 50
SOL (2) vs. emerged flaming (4, 5, 6, 7) 92 vs. 82 95 vs. 70* 82 vs. 81 95 vs. 89 89 vs. 68* 57 vs. 82 72 vs. 63 67 vs. 52*
DSF (3) vs. emerged flaming (4, 5, 6, 7) 47 vs. 82** 70 vs. 70 51 vs. 80*** 50 vs. 89*** 63 vs. 68 69 vs. 82 33 vs. 63** 50 vs. 52
Emerged, uncovered flaming (4, 6) vs. emerged,

covered flaming (5, 7) 79 vs. 85 68 vs. 73 69 vs. 91*** 87 vs. 92 68 vs. 68 79 vs. 85 61 vs. 65 54 vs. 50
Single, emerged flaming (4, 5) vs. double,

emerged flaming (6, 7) 81 vs. 82 67 vs. 75 74 vs. 85 87 vs. 70 67 vs. 83 81 vs. 84 65 vs. 61 54 vs. 50

a Pooled treatment means followed by *, **, *** indicate significance at P � 0.05, P � 0.01, or P � 0.001, respectively.
b Abbreviations: MOLVE, carpetweed; DIQVI, Virginia buttonweed; EPHMA, spotted spurge; DIGSA, large crabgrass; ELEIN, goosegrass; OLDCO, old world

diamond-flower; KYSQ, cocks-comb kyllinga; CYPES, yellow nutsedge; 2 3, conducted twice.
c Number following contrasts refer to treatment numbers in Table 3.
d Dazomet (389 kg ha�1).
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establishment, tall fescue could have possibly outcompeted
initial weed infestations. These findings propose that the
correct timing of thermal weed control methods can possibly
increase efficacy.

Turfgrass Establishment. For summer-timing trials at 6
WAS, ‘Zenith’ zoysiagrass, ‘TifBlair’ centipedegrass, and ‘Sea
Spray’ seashore paspalum resulted in unacceptable turfgrass
establishment: , 18% turfgrass cover for all species (data not
shown). During turfgrass seeding, soil disturbance was
minimal because soil agitation increases the total number of
weed seedlings emerged (Froud-Williams et al. 1984).
Therefore, the most likely cause of the lack of establishment
was not having sufficient seed-to-soil contact. Successful
seeded turfgrass establishment requires firm contact between
seeds and soil particles (Turgeon 2002).

For fall-timing trials, tall fescue resulted in . 60%
turfgrass cover for all treatments, including the control
treatment (Table 6). Dazomet resulted in the highest tall
fescue cover (86%). Direct soil-flaming treatment resulted in
81% turfgrass cover. Tall fescue in dazomet-treated plots not
only resulted in the highest turfgrass cover but also obtained a
higher visual turfgrass quality and color rating (data not
shown). This was also confirmed by contrast, comparing
turfgrass cover of dazomet vs. all other thermal weed control
methods (SOL, DSF, EWF, CEWF)(P ¼ 0.045). Contrasts
also resulted in a difference between solarization and direct
soil flaming (P ¼ 0.046). Solarization and direct soil flaming
obtaining 70 and 81% turfgrass cover, respectively, at 6 WAS.
No other contrasts were significant. In conclusion, dazomet
and all other thermal weed-control methods did not inhibit
tall fescue establishment and resulted in successful turfgrass
establishment.

Potential Future Use. From current and past research,
thermal treatment appears to be a viable method for weed
control before turfgrass establishment. Desjardins et al. (1997)
tested an open-flame, thermal-treatment apparatus on annual

bluegrass control in bentgrass (Agrostis stolonifera L.) fairways.
Adequate annual bluegrass control was achieved but unac-
ceptable turf quality resulted due to turfgrass dehydration and
chlorosis (Desjardins et al. 1997). One month after treatment,
the bentgrass fairway completely recovered (Desjardins et al.
1997).

Our research demonstrates that an enclosed thermal-
treatment unit used before turfgrass establishment can
effectively control weeds without restricting tall fescue
establishment. Therefore, use of a covered thermal treatment
unit may be an effective option for weed control before

Table 5. Effects of fall thermal weed control methods on weed control (%) relative to control 6 wk after seeding (WAS).a

Treatment

Controlb

MOLVE OLDCO

%
1. Dazometc 94 b 86 b
2. Solarization 97 ab 97 a
3. Direct soil flaming 99 a 99 a
4. Emerged-weed flaming 98 ab 97 a
5. Covered emerged-weed flaming 100 a 100 a
LSD (0.05) 4 7
Contrastd % control

Dazomet (1) vs. thermal (2, 3, 4, 5) 94 vs. 99* 86 vs. 98***
Solarization (2) vs. flame (3, 4, 5) 97 vs. 99 97 vs. 98
Solarization (2) vs. direct soil flaming (3) 97 vs. 99 97 vs. 99
Solarization (2) vs. emerge flaming (4, 5) 97 vs. 99 97 vs. 99
Direct soil flaming (3) vs. emerge flaming (4, 5) 99 vs. 99 99 vs. 99
Emerged uncovered flaming (4) vs. emerged covered flaming (5) 98 vs. 100 97 vs. 100

a Abbreviations: MOLVE, carpetweed; OLDCO, old world diamond-flower.
b Within columns, means followed by the same letter are not significantly different at 0.05 level using Fisher’s Protected LSD test.
c Dazomet (389 kg ha�1).
d Number following contrasts refer to treatment numbers in Table 3.
e Pooled treatment means followed by *, **, *** indicate significance at P � 0.05, P � 0.01, or P � 0.001, respectively.

Table 6. Effects of thermal weed control methods on turfgrass cover (%) 6 wk
after seeding (WAS) pooled over fall timing trials in 2009 and 2010.

Treatment Fescue covera,b,c

%

1. Dazometd 86 a
2. Solarization 70 b
3. Direct soil flaming 81 a
4. Emerged, weed flaming 79 ab
5. Covered, emerged, weed flaming 76 ab
6. Control 60
LSD (0.05) 11

Contrast
Dazomet (1) vs. thermal (2, 3, 4, 5) 86 vs. 77*
Solarization (2) vs. flame (3, 4, 5) 70 vs. 79
Solarization (2) vs. direct soil flaming (3) 70 vs. 81*
Solarization (2) vs. emerged flaming (4, 5) 70 vs. 78
Direct soil flaming (3) vs. emerged flaming

(4, 5) 81 vs. 78
Emerged, uncovered flaming (4) vs. emerged,

covered flaming (5) 79 vs. 76

a ‘Rebel IV’ tall fescue.
b Within columns, means followed by the same letter are not significantly

different at 0.05 level using Fisher’s Protected LSD test.
c Pooled treatment means followed by *, **, *** indicate significance at

P � 0.05, P � 0.01, or P � 0.001, respectively.
d Dazomet (389 kg ha�1).
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turfgrass establishment. Future research on application timing
of a contained thermal treatment unit can better refine
application and increase efficacy.
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