
HOUSEHOLD AND STRUCTURAL INSECTS

Fumigation of Bed Bugs (Hemiptera: Cimicidae): Effective Application
Rates for Sulfuryl Fluoride

THOMAS W. PHILLIPS,1,2 MICHAEL J. AIKINS,1 ELLEN THOMS,3 JOE DEMARK,3

AND CHANGLU WANG4

J. Econ. Entomol. 107(4): 1582Ð1589 (2014); DOI: http://dx.doi.org/10.1603/EC13471

ABSTRACT The bed bug, Cimex lectularius L. (Hemiptera: Cimicidae), has resurged recently as a
domestic pest in North America with very limited options for decisive control. We report efÞcacy
studies with sulfuryl ßuoride (SF) toward use as a structural fumigant to control bed bugs. Laboratory
studies were conducted in which eggs, adults, and nymphs from a pesticide susceptible laboratory
population were fumigated for 24 h using SF at 99.8% purity in airtight, 3.8-liter glass containers under
two temperatures, 25�C and 15�C. Bed bugs were placed in separate ventilated glass vials and wrapped
in mattress padding before fumigation. The gas concentration within each jar was determined using
quantitative gas chromatographyÐmass spectrometry. DoseÐresponse trials using eggs of known age
(48Ð96 h) were conducted at Þve or six target concentrations measured as concentration � time
accumulated dosages (g-h/m3) and one untreated control at each temperature. Each target dose was
replicated in four different fumigation containers (replicates), with at least 32 eggs per replicate. The
number of hatched and unhatched eggs postfumigation, and number of live and dead nymphs that
resulted from hatched eggs, were evaluated daily for at least 1 wk after egg hatch. The lethal
accumulateddosage(LAD99) forbedbugeggswas69.1 (95%Þducial limits [FLs]of 62.9Ð79.5)g-h/m3

at 25�C and 149.3 (95% FLs of 134.4Ð177.9) g-h/m3 at 15�C. ConÞrmatory trials with dosages of 1.5�
theLAD99wereconductedat 25�Cand1.5� the thresholdmortalitydose at 15�Cwithat least 15 adults,
13 late-instar nymphs and 79 eggs of known age per replicate. At 25�C, a target dosage of 103.7 g-h/m3

resulted in 100% mortality of adults and late-instar nymphs. Nymphs emerged and survived from two
of 439 eggs treated with SF dosages that were 6Ð7 g-h/m3 less than the target dosage. No nymphs
emerged from eggs fumigated with dosages �97.9 g-h/m3 in the validation study. Therefore, the
threshold dosage for complete egg mortality (97.9 g-h/m3) was used, rather than the LAD99, to
calculate the monitored Þeld dosage rate of 148.2 g-h/m3 (� 1.5 � 97.9 g-h/m3) for control of all life
stages of bed bugs at 25�C. Based on these results, at 15�C, 1.5� the threshold dosage for complete
egg control (189.7 g-h/m3) was used to calculate a target dosage of 285 g-h/m3 for the conÞrmatory
trial, which resulted in 100% mortality of adults, late-instar nymphs, and eggs.
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Cimex lectularius L. (Hemiptera: Cimicidae), the bed
bug, is a transient ectoparasite that feeds on blood
from humans and other warm-blooded animals. Bed
bugs are difÞcult to control. They are nocturnal, cryp-
tic, and readily “hitchhike”onbelongings to infest new
locations (Harlan 2006, Potter 2011). Bedbugeggs can
survive water inundation and extreme temperatures
(Naylor and Boase 2010) and adults and nymphs can
survive at least three months without a bloodmeal
(Harlan 2006).

Nonchemical tools and methods such as bug-proof-
ing mattress encasements, steam machines, sanitation,

vacuumcleaning, and diligentmonitoring canmanage
bed bug infestations, but often do not eliminate them
(Wang et al. 2009). Bed bugs can be controlled by
exposure to extreme cold (Olson et al. 2013) and heat
(Potter et al. 2008, Pereira et al. 2009, Naylor et al.
2010). Heat treatments are now widely used for bed
bug control. One limitation of heat treatment is un-
detected thermal refugia, such as near ßoors, inside
walls, within fabrics and furnishings, and other insu-
lating materials, which can harbor bed bugs and pre-
vent their exposure to lethal temperatures.

Therefore, insecticides continue to be an integral
part of bed bug management programs (U.S. Environ-
mental Protection Agency [EPA] 2012). Nonetheless,
many insecticide products are currently ineffective in
controlling bed bug infestations either because of an
inherent lack of toxicity of the active ingredient
(Moore and Miller 2006, Wang et al. 2009, Jones and
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Bryant 2012, Singh et al. 2013), or because of wide-
spread bed bug resistance to the most commonly used
active ingredients such as various pyrethroids (Ro-
mero et al. 2007, Zhu et al. 2010). In addition, pest
management professionals often require more than
two visits and application of multiple residual insec-
ticides to manage bed bug infestations (Potter et al.
2010).

The history of bed bug control follows the history
of many major insecticide groups. Fumigation with
hydrogen cyanide was the most effective and efÞcient
treatment to eliminate serious bed bug infestations
during the Þrst half of the 20th century (Potter
2011). Dichlorodiphenyltrichloroethane (DDT) be-
came widely available by the mid-20th century and
replaced hydrogen cyanide as an inexpensive, rela-
tively safe, and effective treatment that also provided
long residual control ofbedbugs in structures. Sulfuryl
ßuoride (SF), SO2F2,was Þrstmarketed as a structural
fumigant in 1961 under the trade name of Vikane
(DowAgroSciences, Indianapolis, IN). SF is currently
labeled for bed bug control in the United States and
hasmultiple beneÞts for this usepattern. SFcreates no
persistent residues of toxicological concern in fumi-
gated items, there is no known resistance of any in-
sects to SF and one application can eliminate the
existing infestation (Thoms and Phillips 2004). SF can
be used to safely fumigate numerous household items,
including mattresses, bedding, clothing, toys, many
furniture items, and electronics (Bell et al. 2003, Mu-
eller 2012), items for which other common bed bug
treatments, such as heat or residual insecticides, may
cause damage or may not be approved for application.
A recent study showed carbon dioxide fumigation in
plastic bags can be an affordable method to kill 100%
of the bed bugs hiding in household items (Wang et
al. 2012); however, carbondioxide is not registered for
controlling bed bugs in the United States. Household
clutter, which can hinder the efÞcacy of other chem-
ical and nonchemical treatments (e.g., Wang et al.
2009, Potter et al. 2010), does not affect SF treatments
because this gas readily penetrates into piles of cloth-
ing, papers, and other debris to kill bed bugs.

The efÞcacy of SF to control bed bugs has resulted
in the practical use of this fumigant to eliminate bed
bug infestations in many types of buildings, including
single-family homes, multiunit dwellings, and hotels
(Thoms 2010), and in shipping containers Þlled with
household contents (Walker et al. 2008). One deter-
rent to the use of SF for bed bug control is the cost of
fumigation(Miller andFisher 2008).Before this study,
SF was applied at three times the dosage for drywood
termites (Isoptera: Kalotermitidae) to control the egg
stage (DowAgroSciences 2011); however, a screening
laboratory trial indicated bed bugs eggs could be con-
trolled at a lower dosage (Thoms and Scheffrahn
1994). EPA requires speciÞc testing protocols be con-
ducted to change the pesticide label application rates
for control of public health pests, including bed bugs.
Therefore, the objective of this study was to conduct
laboratory testing to verify the dosages of SF required

to control bed bug eggs, adults, and nymphs at two
temperatures using a protocol approved by the EPA.

Materials and Methods

Bed Bug Culture. The study used an insecticide-
susceptible laboratory strain (Ft. Dix) that was main-
tained on a human volunteer since 1973 and then on
rabbits or an artiÞcial feeding system using deÞ-
brinated rabbit blood since 2007Ð2008. The bed bugs
used for the 25�C trials were from the Department of
Entomology, Rutgers University, New Brunswick, NJ.
These bed bugs were fed weekly with deÞbrinated
rabbit blood (Hemostat Laboratories, Dixon, CA) us-
ing the Hemotek membrane-feeding system (Discov-
ery Workshops, Accrington, the United Kingdom).
The bed bugs for the 15�C trials were also the Ft. Dix
strain provided by Sierra Research Laboratories Inc.,
Modesto, CA. These bed bugs were fed on rabbits
weekly. All bed bug adults and nymphs were fed 2Ð4
d before overnight delivery from their source colony
to Kansas State University. Mated gravid adult female
bed bugs were held in the Kansas State University
laboratory on pieces of colored construction paper in
5-ml ventilated glass shell vials for 24 h to obtain eggs.
Females were then transferred to new vials with new
paper each day for up to 6 d at 28�C, �70% relative
humidity (RH), and a photoperiod of 16:8 (L:D) h
(Fig. 1A and B). Females oviposited directly onto the
colored paper from which eggs were easily seen and
counted. Eggs of known age within 0Ð24 h were then
held for a fumigation experiment. Each replicate in
this study contained between 32 and 121 eggs that
were 48Ð96 h old when fumigated for doseÐresponse
trials at two temperatures (Fig. 1.C).

For conÞrmatory trials, we collected eggs of known
age as described above. Adults (7Ð14 d of age) and
third- to fourth-instar nymphs were also accumulated
and all life stages were placed in separate vials (see
Preparation of Bed Bugs for Fumigation below) for
each replicate immediately before fumigation. Eggs
for conÞrmatory tests consisted of two age groups,
48Ð72 or 72Ð96 h, which were represented in each
replicate.Nymphswerenot in theirÞnal instar, so they
did not molt into adults before or during the fumiga-
tion. For the 25�C conÞrmatory experiments, we eval-
uated 20 male and female adults, and 20 late-instar
nymphs, per replicate. For the 15�C trials, we used 15
female adults and 13Ð15 late-instar nymphs per rep-
licate.

Preparation of Bed Bugs for Fumigation. A known
number of eggs, adults, or nymphs were placed in
3-dram glass shell vials (�11 ml; 19 by 65 mm; Fish-
erbrand, Fisher ScientiÞc, Pittsburgh, PA) that were
closedwith aÞnenetted cloth to allow fumigant entry,
while preventing escape of bugs. The vials were then
wrapped in mattress pad bedding material to simulate
a habitat that might be subject to SF fumigation for
bed bug control (Fig. 2).

FumigationContainers.Thewrappedbioassay vials
were placed inside 3.8-liter airtight glass jars (Fig. 2)
at ambient relative humidity (35Ð45%) in controlled
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Fig. 2. A group of vials containing bed bug eggs that were wrapped in bedding material before fumigation to simulate
a habitat for bed bugs that might be subject to fumigation with SF. Screw-on lid with injection port not shown. (Online Þgure
in color.)

Fig. 1. (A) Blood-fed, mated bed bug females in ventilated, glass vial with colored paper for oviposition. (B) Bed bug
femaleswith eggs onpaper. (C)Bedbugeggs onpaper in vial ready for use in fumigation experiment. (OnlineÞgure in color.)
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environmental chambers set to 25 or 15�C. Each jar, as
in previous fumigation studies (e.g., Sekhon et al.
2010), was equipped with a port in the center of the
metal screw-on cap and with a rubber gasket between
the lid and the top of the jar for a gas-tight Þt. The
center port of the lidwas Þttedwith a rubber injection
septum used for fumigant introduction and headspace
gas samplingviagas-tight syringes.Thebedbugsequil-
ibrated in environmental chambers for at least 4 h
before fumigant introduction.

Fumigant Introduction and Measurement. A com-
mercial supply of SF (Vikane at 99.8% purity; Dow
AgroSciences, Indianapolis, IN) from a metal gas cyl-
inder was used for the fumigations, which were con-
ductedatnormal atmosphericpressure forManhattan,
KS. SF gas was drawn from the cylinder and held in a
Tedlar gas bag (CEL ScientiÞc Corp., Santa Fe
Springs, CA) that had been evacuated before use.
From this stock gas of 99.8% purity, we used precisely
calibrated gas-tight syringes to draw measured ali-
quots of known volume of SF and dilute it with a
known volume of air in additional Tedlar bags to ob-
tain SF of a desired concentration. After removing an
equal volume of air from the fumigation jar using a
gas-tight syringe, the same volume of pure or diluted
SF was injected into a fumigation jar to obtain the
desired target concentration. The exposure tempera-
tures of either 25 or 15�C were maintained for jars in
the environmental chamber during the 24-h fumiga-
tion period. SF was measured in mg/liter and calcu-
lated to deliver the desired concentration � time
dosages (g-h/m3) over the 24-h exposure period.

The gas concentration within each jar was mea-
sured 30 min after SF introduction and again before
the termination of the 24-h exposure period using
quantitative gas chromatographyÐmass spectrometry
(GC-MS) using the external standard curve method.
The MS was set in the selected ion mode to detect a
fragment ion characteristic of SF. The external stan-
dard curve method (Sekhon et al. 2010) can calculate
a precise concentration at a given sample time. For the
external curve method of quantiÞcation, a precisely
measured known concentration of SF was injected at
a volume of 25 �l, and then smaller successive injec-
tions of 20, 15, 10, and 5 �l followed. Each volume was
injected three timesand theareaunder thepeak inmV
counts was recorded along with the amount of SF
injected. SFamountswere regressedagainstmeasured
peak areas to generate a straight-line regression equa-
tion that had an r2 value between 0.96 and 0.99 in all
cases. When 25 �l samples of gas from the experimen-
tal fumigation jars were analyzed by GC-MS, the peak
areas were subjected to the regression equation gen-
erated from the standard curve obtained just before
the sampling, and the concentration of SF in the jar
was thus quantiÞed. Three 25 �l samples were drawn
and quantiÞed from each jar at a given time to give an
average estimated concentration for that speciÞc jar.
The average SF concentration for each jar was calcu-
lated as the mean of the concentration measured 30
min after starting the fumigation and that measured at
24 h, 3 min before the end of the SF exposure with the

opening and ventilation of the jar. The percentage
decrease from starting to the ending concentration of
SF in our jars over 24 h was 5Ð20%. Calculation of an
accumulated dosage, expressed in g-h/m3 for a given
jar, was the product of the average concentration in a
jar and the number of exposure hours (24 h or a value
close to it, to the tenth of an hour). Following the
fumigation period, the jar lid was removed and the air
space in each jar was ventilated in a fume hood for 1Ð2
h, after which the vials containing bed bugs were
removed for assessing mortality.

Dosages Tested and Exposure Times. A doseÐre-
sponse study was conducted to determine the lethal
accumulated dosage to kill 99% of a given group, the
LAD99, evaluated from either Þve or seven concen-
tration � timedosages andoneuntreated control at 25
and 15�C, respectively. Four different fumigation jars,
with each jar considered a true replicate, were set up
at each target concentration, including the untreated
controls. For the 25�C conÞrmatory tests at 1.5� the
LAD99 dosage for eggs (see Postexposure Evalua-
tions) foreachofÞve replicates, untreatedcontrolbed
bugs were maintained in the same vials and environ-
mental conditions, but exposed only to air. ConÞrma-
tory testing at 15�C was conducted at 1.5� the thresh-
old dosage for complete egg mortality for each of six
replicates. Untreated control bed bugs were main-
tained in the samevials and environmental conditions,
but exposed only to air.

PostexposureEvaluations.Treated and control vials
were placed in an incubator at 28�C, �70% RH, and a
photoperiod of 16:8 (L:D) h, the same conditions as
they were maintained for oviposition before testing.
For the doseÐresponse trials, the numbers of hatched
and unhatched eggs, and the number of live and dead
emerged nymphs, were evaluated daily beginning at
24 or 48 h posttreatment, for at least 1 wk postfumi-
gation, which allowed ample time for all viable un-
treated control eggs to hatch. All eggs that failed to
hatch or that produced a nymph that died within the
observation period, were considered dead, while all
eggs that hatched and had a nymph survive through
the observation period were considered alive. The
number of treated and dead eggs directly associated
with the accumulated dosage (g-h/m3) quantiÞed for
each fumigation jar were analyzed using the PROC
PROBIT procedure of SAS (SAS Institute, Cay, NC)
to determine the LAD99 for each temperature.

In conÞrmatory dose trials at 25�C, we assessed the
number of hatched and unhatched eggs, and the num-
ber of live and dead adults or nymphs, 1 wk postfu-
migation. For the conÞrmatory dose trials at 15�C, the
numbers of hatched and unhatched eggs, and number
of live and dead adults or nymphs, were evaluated
daily for 1 wk beginning at 72 h postfumigation.
Nymphs or adults were designated as dead if they did
not show any signs of movement during this 1-wk
period. Because conÞrmatory tests at both tempera-
tures found all fumigated adults and nymphs were
dead at 72 h, only eggs andneonate nymphs continued
to be evaluated for 9 d postfumigation.
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Results

25�CTrials.The target accumulateddosages at 25�C
were 50, 60, 80, 100, and 120 g-h/m3 for the doseÐ
response trials. The actual accumulated dosages ob-
tained ranged from 31.4 to 89.1 g-h/m3 across 20 fu-
migation jars (Fig. 3). Mean mortality of untreated
bed bug eggs was 2.6% and values of control mortality
were not used to correct treatment values. Bed bugs
began to emerge from the untreated eggs at 48 h after
the 24-h fumigation period and from fumigated eggs at
72 h after fumigation. Emergence of nymphs from
untreated eggs stopped by 96 h postfumigation and
emergence ended from SF-fumigated eggs after 144 h.
No bed bug nymphs emerged from eggs at accumu-
lated dosages �65.3 g-h/m3 at 25�C (Fig. 3).

The LAD99 of SF calculated from probit analysis of
the doseÐresponse data was 69.1 (95% FLs of 62.9Ð
79.5)g-h/m3at 25�C(Table1).We thenused this 1.5�
the LAD99 for killing bed bug eggs at 25�C to derive a
target dosage of 103.7 g-h/m3 to use in our conÞrma-
tory trial at 25�C. Of the Þve replicate conÞrmatory
fumigations we conducted, our target was exceeded
only in replicate 3, at 106.6 g-h/m3, with the lowest
conÞrmatory dose of the other four replicates being
95.9 g-h/m3 (Table 2). Despite this slight under-dos-
ing in four replicates, we observed only three eggs out
of 439 hatched and produced healthy nymphs that
survived for 7 d. These surviving eggs were from 97.1
and 97.9 g-h/m3 dosages (6Ð7 g-h/m3 below the target
dosage of 103.7 g-h/m3). All other eggs, nymphs, and
adults treated in the 25�C conÞrmatory trials were
killed by SF (Table 2).

15�C Trials. The target accumulated dosages ap-
plied to eggs for the 15�CdoseÐresponse trialswere 90,
115, 140, 165, 190, 215, and 250 g-h/m3. The actual
accumulateddosages ranged from72.8 to 213.6 g-h/m3

across 20 fumigation jars (Fig. 4). Averagemortality of
untreated, control bed bug eggs was 10%. Bed bugs
began to emerge from fumigated and untreated eggs
at 48 h after the fumigant exposure period. Emergence
of nymphs from untreated eggs stopped by 96 h post-
fumigation and emergence ended from SF-fumigated
eggs after 144 h. No bed bugs emerged from eggs at
accumulated dosages �189.7 g-h/m3.

Table 1. Log-probit analysis of the dose response data for bed
bug eggs exposed for 24 h to SF at 25 and 15°C to derive the LAD99

Temperature

Estimated
accumulated SF
dosage (g-h/m3)

for LAD99

95% FL

Lower Upper

25�C 69.14 62.94 79.52
15�C 149.82 134.39 177.99

Accumulate dosage is expressed in the concn x time as g-h/m3.

Table 2. Confirmatory tests at 25°C of bed bug eggs, late-instar
nymphs, and adults at 1.5� the LAD99 of SF determined for bed
bugs eggs for a target dosage � 103.7 g-h/m3.

Repetition Stagea Dosage
(g-h/m3)

No.
treated

Aliveb Deadc %
mortalityd

Controle E 0 293 291 2 0.7
N 87 82 5 5.7
A 96 88 8 8.3

1 E 95.9 91 0 91 100
N 20 0 20 100
A 20 0 20 100

2 E 97.9 84 1 83 98.8
N 20 0 20 100
A 20 0 20 100

3 E 106.6 91 0 91 100
N 20 0 20 100
A 20 0 20 100

4 E 97.1 79 1 78 98.7
N 20 0 20 100
A 20 0 20 100

5 E 97.1 94 1 93 98.9
N 20 0 20 100
A 20 0 20 100

a Bed bug life stages tested: E, eggs; N, nymphs; A, adults.
b Eggs that hatched and had surviving nymphs 7 d after fumigation;

nymphs or adults that survived up to 7 d after fumigation.
c Eggs that failed to hatch for 7 d after fumigation; nymphs hatching

from eggs that died within the 7 d after fumigation; adults that died
within the 7 d after fumigation.

d Proportion of number dead divided by number treatedmultiplied
by 100.

e Individuals held in clean air distributed among three jars at the
same conditions as treated insects, and then observed for mortality
under same conditions as treated insects.

Fig. 3. Mortality of bedbug eggs after 7 d following a 24-h exposure to concentrations of SF, expressed as concentration �
time dosage (g-h/m3) at 25�C.
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The LAD99 of SF calculated from probit analysis of
the doseÐresponse data was 149.8 (95% FLs of 134.4Ð
177.9) g-h/m3 (Table 1). Based on our observation at
25�C that two eggs survived fumigation at a dose equal
to �1.5� the LAD99 at that temperature, we selected
the observed threshold concentration for complete
egg mortality found in the doseÐresponse study, 189.7
g-h/m3, and not the LAD99 of 149.8 g-h/m3, to calcu-
late a target dosage for the conÞrmation trial. There-
fore, 285 g-h/m3, calculated from 1.5 � 189.7 g-h/m3,
was then evaluated for the conÞrmatory trial at 15�C.
The actual accumulated dosages for the conÞrmatory
trial ranged from 238.1 to 269.7 g-h/m3 (Table 3). All
Þvedosages fell below the targetdosageof 285g-h/m3.
Complete (100%) control of all bed bug eggs, adults
and nymphs was obtained at these dosages.

Discussion

Toxicity experimentswithbedbugs conductedhere
revealed that mortality can be delayed longer than
expected. A delay in egg hatch after fumigation with
SF has been previously observed in other insects ex-
posed to SF (E. T., unpublished data) and is not un-
common with other fumigants and insect species (re-
viewed in Phillips et al. 2012). Most of the bed bug
nymphs emerging from fumigated eggs in the current
studydied1Ð2dafter theiremergenceandwere there-
fore scored as “dead.” This delayed mortality, also
referred to as latentmortality of insects after exposure
to SF, is well-documented (Osbrink et al. 1987, Su and
Scheffrahn 1990, Thoms and Scheffrahn 1994).

All adult and nymph bed bugs were killed in the
conÞrmatory testing with SF, but three nymphs
emerged and survived from 439 fumigated eggs in the
25�C trials. These surviving eggs were from dosages
that were 6Ð7 g-h/m3 below the target dosage of 103.7
g-h/m3. Therefore, it was determined that 1.5� the
LAD99 of SF did not provide a sufÞcient margin of
error for Þeld fumigations to ensure complete mor-
tality of bed bug eggs at 25�C. No nymphs emerged
from eggs in the conÞrmatory trials at 25�C that were
fumigated with dosages �97.9 g-h/m3. Therefore, we
propose that the threshold dosage of 97.9 g-h/m3 SF

for complete egg control in our conÞrmatory test
should be used rather than the LAD99 of 69.1 g-h/m3

to calculate the monitored Þeld dosage rate of 148.2
g-h/m3 (�1.5 � 97.9 g-h/m3) for mortality of all life
stages of bed bugs at 25�C. Similarly, the conÞrmatory
trial at 15�C, with actual accumulated dosages tested
that were at least 15 g-h/m3 lower than the target
dosage, demonstrates there is sufÞcient margin of er-
ror incorporated in proposed dosage of 285 g-h/m3 to

Table 3. Confirmatory tests at 15°C of bed bug eggs, late-instar
nymphs, and adults at 1.5� the threshold mortality dosage of 189.7
g-h/m3 of SF determined for bed bugs eggs in initial dose–response
studies, for a target dosage � 285.0 g-h/m3

Repetition Stagea Dosage
(g-h/m3)

No.
treated

Aliveb Deadc %
mortalityd

Controle E 0 585 565 20 3.4
N 87 86 1 1.2
A 90 90 0 0

1 E 253.3 134 0 134 100
N 15 0 15 100
A 15 0 15 100

2 E 251.8 135 0 135 100
N 14 0 14 100
A 15 0 15 100

3 E 238.1 136 0 136 100
N 13 0 13 100
A 15 0 15 100

4 E 264.7 110 0 110 100
N 15 0 15 100
A 15 0 15 100

5 E 269.7 99 0 99 100
N 15 0 15 100
A 15 0 15 100

6 E 255.0 110 0 110 100
N 15 0 15 100
A 15 0 15 100

a Bed bug life stages tested: E, eggs; N, nymphs; A, adults.
b Eggs that hatched and had surviving nymphs 7 d after fumigation;

nymphs or adults that survived up to 7 d after fumigation.
c Eggs that failed to hatch for 7 d after fumigation; nymphs hatching

from eggs that died within the 7 d after fumigation; adults that died
within the 7 d after fumigation.

d Proportion of number dead divided by number treatedmultiplied
by 100.

e Individuals held in clean air distributed among six jars at the same
conditions as treated insects, and then observed for mortality under
same conditions as treated insects.

Fig. 4. Mortality of bedbug eggs after 7 d following a 24-h exposure to concentrations of SF, expressed as concentration �
time dosage (g-h/m3) at 15�C.
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ensure all life stages of bed bugs will be controlled at
this lower temperature. Increasing laboratory derived
lethal dosages by 1.5� to develop Þeld applied rates
meets a standard that has now been used for �50 yr
in the United States to convert laboratory SF dosages
to Þeld dosages applied by fumigators (Thoms and
Scheffrahn 1994).

The EPA application labels for SF fumigants in-
tended for controlling multiple species of drywood
termites (DWT) in residential structures use the SF
treatment recommendations for the western drywood
termite, Incisitermes minor Hagen (Isoptera: Kaloter-
mitidae), as thebasis for dosage calculations. These SF
labels assign a dosage factor equal to “1” for DWT. For
other target structural pests that are less susceptible to
SF than are DWT, the label calls for higher dosages as
multiples of the dosage required to kill DWT. The
work reported here veriÞes the bed bug dosages re-
quired for amonitoredSF fumigationare148.2 and285
g-h/m3 at 25 and 15�C, respectively, which are 1.9�
greater than the DWT dosages of 78 and 150 g-h/m3

required at these same temperatures. This 1.9� the
DWT dosage rate for control of all life stages of bed
bugs is less than the 3� factor required by labeling for
SF to control bed bugs before results reported here.
Our revised 1.9� dosages were reviewed and ap-
proved by scientists at the EPA and speciÞc state
regulatory agencies just before submission of this re-
port for publication. The approach to the research
reported here considers important key variables that
must be optimized for successful application in the
laboratory and in commercial application for pest con-
trol with fumigation: target species, most fumigant-
tolerant life stage of that species, gas concentration,
gas exposure time, and the temperature at which the
treatment is applied (Phillips et al. 2012). The com-
mon bed bug has resurged as a serious pest in the
United States after a hiatus of many decades, so fu-
migant application details were in need of updating,
which this researchhasdone.All of ourdoseÐresponse
studies to determine the effective dosages usedeggs as
the target life stage because in all tested arthropods,
eggs are the life stage most tolerant to SF (Thoms and
Scheffrahn1994). Mortality from most fumigants is
directly and positively proportional to temperature,
such that insects are most difÞcult to kill when ambi-
ent temperatures are low, such as the 15�C we tested,
and insects are easier to kill at warmer temperatures,
such as the 25�C tested herein. It follows, therefore,
that effective dosages at moderate temperatures like
25�C should also be effective at higher ambient tem-
peratures.

In conclusion, this research supports the recent
modiÞcation to the application label for Vikane to
lower the previous 3� DWT dosage factor to 1.9�
DWT to eliminate all life stages of bed bugs as a
cost-effective structural pest mitigation method. The
1.9� dosage factor has a robust margin of error to
account for variability encountered in conducting
Þeld fumigations. The research reported here veriÞes
the 1.9� dosage factor to be effective at both standard
indoor ambient (25�C) and lower temperatures

(15�C).The 1.9�DWTdosage factor is over one-third
less SF than speciÞed in the 3� DWT applied dosage
and should represent a substantial cost reduction for
the fumigant. Bed bugs are very difÞcult pests to con-
trol because of their widespread resistance to pyre-
throids, their hiding behavior, and their close associ-
ation with human resting and sleeping areas where
residual pesticide applications are often not permitted
(Romero et al. 2007, Zhu et al. 2010, Potter 2011).
Proper fumigation with SF to eliminate bed bugs in
humanhabitations offers oneof themost effective and
deÞnitive controls for this serious pest insect.
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