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ABSTRACT The inßuence of sanitation on responses of life stages of the red ßour beetle, Tribolium
castaneum (Herbst) (Coleoptera: Tenebrionidae), an economically important pest in ßour mills, was
investigated in a pilot ßour mill subjected to two, 24-h heat treatments. One hundred eggs or 100 adults
of T. castaneum were exposed inside each 20-cm diameter by 15-cm high PVC rings holding 0.1-, 0.2-,
1.0-, 3.0-, 6.0-, and 10.0-cm-deep wheat ßour to simulate different sanitation levels that may exist in
a ßour mill. These rings were placed on the Þrst and third ßoors of a pilot ßour mill. On the Þrst ßoor,
temperatures inside rings with eggs reached 50⬚C in 7Ð11 h only in 0.1- and 0.2-cm-deep ßour
treatments. In all other treatments the maximum temperatures attained generally were below 50⬚C
and inversely related to ßour depth. Adults of T. castaneum on this ßoor were less susceptible than
eggs. The egg mortality decreased linearly with an increase in ßour depth, whereas that of adults
decreased exponentially. All eggs and adults in rings on the third ßoor were killed irrespective of ßour
depth, because temperatures inside rings reached 50⬚C in 15Ð17 h and were held above 50⬚C for 6 Ð 8
h with the maximum temperatures ranging between 55.0 and 57.0⬚C. Although the protective effects
of ßour on survival of T. castaneum eggs and adults were evident only if temperatures did not reach
50⬚C, removal of ßour accumulations is essential to improve heat treatment effectiveness.
KEY WORDS heat treatment, temperature, sanitation, red ßour beetle, efÞcacy assessment

In the United States, Canada, Europe, and Australia,
elevated temperatures (50 Ð 60⬚C) or heat treatments
have been used for managing stored-product insects
associated with ßour mills and bakeries (Dean 1911,
Goodwin 1912, Beckett et al. 2007). Heat treatment is
a viable alternative to methyl bromide, a structural
fumigant that was phased out in the United States in
2005 because of its adverse effects on stratospheric
ozone (Norman et al. 2008). During heat treatments,
all accessible areas of ßour mill and equipment should
be thoroughly cleaned to remove any accumulated
ßour, because these accumulations serve as insect harborage sites. Many stored-product insects have been
reported within moving mill stocks, static mill stocks,
and within pieces of equipment where products accumulate (Wagner and Cotton 1935; Good 1937; Rilett
and Weigel 1956; Dyte 1965, 1966; Hosny et al. 1968).
Grain and ßour accumulations are poor conductors of
heat (Dean 1911, Pepper and Strand 1935), and during
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heat treatments, insects can seek refuge in these accumulations and escape the lethal effects of high temperatures (Goodwin 1922). Limited data are available
on the impact of sanitation on survival of insect life
stages during structural heat treatments. Brijwani
(2011) reported lower temperatures and greater survival of the red ßour beetle, Tribolium castaneum
(Herbst) (Coleoptera: Tenebrionidae) life stages in
2-cm-deep ßour (43 g) than in ßour dust (⬇0.5 g)
during heat treatments of a pilot ßour mill. The survival of T. castaneum life stages was greater in bioassay
boxes placed on the Þrst ßoor of the mill than those
placed on second through Þfth ßoors, because temperatures were lower on the Þrst ßoor compared with
the other ßoors (Brijwani 2011). Additionally, on the
Þrst ßoor, adults of T. castaneum were found to be less
susceptible to heat when compared with eggs, young
larvae, old larvae, and pupae. Dean (1911) and Goodwin (1912) also reported temperatures during heat
treatments to be generally lower on the Þrst ßoor than
those observed on ßoors above it.
In the current study the inßuence of six ßour depths
between 0.1 and 10.0 cm on the mortality of an immobile stage (eggs) and mobile stage (adults) of T.
castaneum was evaluated in a pilot ßour mill subjected
to two heat treatments during 2009 Ð2010. Because
temperatures attained vary between the Þrst ßoor and
ßoors above it, the inßuence of the six ßour depths on

704

JOURNAL OF ECONOMIC ENTOMOLOGY

mortality of T. castaneum eggs and adults was veriÞed
on the Þrst and third mill ßoors.
Materials and Methods
Insect Cultures. Cultures of T. castaneum were
reared on a diet of wheat ßour with 5% (by wt)
brewerÕs yeast at 28⬚C and 65% RH. Each 0.94-liter
glass mason culture jar with 200 g of the insect diet was
seeded with 100 T. castaneum adults. After infestation,
jars were closed with lids Þtted with Þlter papers. To
obtain eggs, 50 unsexed T. castaneum adults of mixed
ages were introduced into 150-ml plastic containers
holding 50 g of ßour that was sifted through a 250-m
opening sieve (Seedburo Equipment Company, Chicago, IL). These containers were held at 28⬚C and 65%
RH for 2 d after which the adults were removed from
the jars by using an 841-m opening sieve. The ßour
was sifted using a 250-m sieve to retain the eggs.
Unsexed, mixed-age adults were separated directly
from culture jars by using an 841-m sieve. The collected eggs and adults were used in heat treatment
experiments.
Pilot Flour Mill. The Hal Ross pilot ßour mill, belonging to the Department of Grain Science and Industry, Kansas State University, has Þve ßoors occupying a total volume of 9,628 m3. The foundation,
ßoors, and walls are made of poured concrete with
steel reinforcements. The foundation is 101.6-cm thick
and has 1,486.2-metric tons of poured concrete and
59.9-metric tons of reinforced steel. All exterior walls
and the roof have a 7.62-cm Styrofoam insulation.
There are two stairways made of galvanized steel; the
one on the west side leads from Þrst ßoor to the roof
while one on the east side leads from Þrst ßoor to the
Þfth ßoor. The dimensions of each ßoor are 15.3 m long
and 27.5 m wide. Each ßoor has an extension on the
north side that is 7.1 m long and 7.6 m wide. The ceiling
height of the Þrst, second, third, fourth and Þfth ßoors
is 3.7, 4.4, 4.1, 4.1 and 4.7 m, respectively. A 20.3-cmthick concrete ßoor separates second through Þfth
ßoors. The milling equipment made of steel among the
mill ßoors weighs ⬇123 metric tons. The maximum
daily ßour mill production capacity is 18.2 metric tons
(400 cwt).
Egg and Adult Bioassays. Polyvinyl chloride (PVC)
pipes of 20 cm in diameter and 0.82 cm in thickness
(Ferguson, Manhattan, KS) were cut to provide cylinders of 15-cm height. In total, 36 rings were used in
experiments. Before heat treatment, 12 rings each
were placed on the Þrst and third ßoors of the ßour
mill subjected to heat treatments. Another 12 rings
were placed on the fourth ßoor of an old pilot ßour mill
located in Shellenberger Hall, Department of Grain
Science and Industry, Kansas State University, to serve
as the control (unheated) treatment. ElmerÕs clay (ElmerÕs Products Inc., Columbus, OH) was used at baseßoor junctions of rings to prevent insect escape. The
rings on a given ßoor were placed at a distance of ⬇40
cm from one another. A temperature sensor (SmartButton; ACR Systems, Inc., Surrey, Canada) was
placed on the ßoor at the center on the inside of each
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ring to record temperatures at 1-min intervals. Temperatures were also recorded at 1-min intervals, outside the rings on both the Þrst and third mill ßoors. Six
sensors were placed next to the rings on each ßoor.
Temperatures were recorded similarly inside and outside rings in the unheated ßoor of the old mill that
served as the control treatment.
Six sanitation levels were simulated within these
rings by adding a known quantity of wheat ßour with
5% (by wt) brewerÕs yeast (ßour from now on). Approximately 15, 38, 109, 388, 937, and 1,645 g of the
ßour were held in suitable size jars of 0.2Ð1.9-liter
capacity. One hundred eggs or 100 unsexed adults of
mixed ages of T. castaneum were added on top of the
ßour in separate jars. These jars were carried to the
ßour mill where contents were gently transferred
from the jars into the bioassay rings to create ßour
depths of 0.1, 0.2, 1.0, 3.0, 6.0, and 10.0 cm, respectively.
On each ßoor, six rings were used for eggs and six for
adults. After introduction of ßour and insects inside
rings, the top ends of rings were closed with mesh
screens with 0.6-mm2 openings to prevent insect escape. To hold the mesh cover in place, ElmerÕs clay
was used at the top end of each ring.
Heat Treatment. The pilot ßour mill was subjected
to a total of three, 24-h heat treatments between 2009
and 2010 using forced-air gas heaters that were fueled
by propane (Brijwani 2011). The Þrst, second, and
third heat treatments were conducted during 13Ð14
May 2009, 25Ð26 August 2009, and 7Ð 8 May 2010,
respectively. The experiments to evaluate the impact
of varying ßour depths on mortality of T. castaneum
eggs and adults were conducted during the second and
third heat treatments (n ⫽ 2), because during the Þrst
heat treatment, preliminary experiments were done to
establish and Þne tune experimental procedures. All
treatments were performed by a commercial heat
treatment service provider (Temp-Air Inc., Burnsville,
MN). Two THP-4500 heaters (Temp-Air, Burnsville,
MN) with 1318.8 kW/h heating capacity and one
heater with 410.3 kW/h heating capacity were used for
each heat treatment (Brijwani 2011). The maximum
discharge temperature at the outlet of the heaters was
93.3⬚C with a minimum discharge temperature of 60⬚C
at the end of the heat treatment. The airßow rate for
THP-4500 and THP-1400 heaters was 708 m3/min and
212.4 m3/min, respectively. The heaters were located
outside the mill because of an open ßame. The hot air
from the heaters was channeled throughout the ßour
mill by means of 91.4- and 60.9-cm fabric ducts with
15.3-cm-diameter openings at regular intervals. These
ducts were placed on the Þrst to Þfth ßoors and along
both stairways. Heat distribution was facilitated by use
of eight fans (Temp-Air Inc., Burnsville, MN) on each
ßoor. The fan had a blade diameter of 91.4 cm, with an
airßow rate of 311.5 m3/min. Fan locations were
changed as the heat treatment progressed to ensure
uniform heat distribution by eliminating cool spots
(locations at ⬍50⬚C).
Sample Collection and Insect Mortality Assessment.
At the end of each heat treatment, the rings from the
Þrst and third ßoors of the pilot ßour mill (heat-
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exposed) and from the fourth ßoor of the old ßour mill
(unexposed, control) were lifted off the ßoor and all
of the ßour with insects was gently collected into a pan
with the help of a soft brush and immediately transferred into labeled polyethylene bags. In the laboratory the contents of each bag were transferred into
0.2Ð1.9-liter jars, labeled and incubated in the growth
chamber at 28⬚C and 65% RH. Mortality of T. castaneum adults was determined 24 h after incubation, and
expressed as a percentage based on number of dead
adults out of the total exposed (100). The eggs were
reared to the adult stage (45 d) in the growth chamber,
and egg mortality was based on number of adults that
failed to emerge out of the total exposed. Mortality of
eggs and adults in the control samples was determined
similarly.
Data Analysis. In the control treatment, mean ⫾ SE
for minimum, maximum, and average temperature at
different ßour depths were summarized. The mean
time-dependent temperature data at each ßour depth
for heat-exposed eggs and adults on the Þrst and third
ßoors of the pilot ßour mill were plotted as a function
of time to show variations in temperature proÞles
observed. Temperature data from six sensors placed
outside the rings on the Þrst or third mill ßoors were
pooled for the second and third heat treatments. Differences in the mean ⫾ SE starting temperature, time
(h) required to reach 50⬚C from the starting temperature, time (h) above 50⬚C, or the maximum temperature observed outside the rings between the Þrst and
third ßoor were determined using two-sample t-tests
at the ␣ ⫽ 0.05 level (SAS Institute 2002). Inside the
rings, the mean ⫾ SE starting temperature, time (h)
required to reach 50⬚C, time (h) above 50⬚C, and the
maximum temperature were determined by ßoor and
insect stage for each ßour depth. On Þrst or third ßoor,
signiÞcant differences (␣ ⫽ 0.05) in each of these
variables among ßour depths was determined using
one-way analysis of variance (ANOVA) and RyanÐ
EinotÐGabrielÐWelch test (SAS Institute 2002). The
mortality of T. castaneum eggs and adults at each ßour
depth on Þrst and third mill ßoors were corrected for
corresponding control mortality (Abbott 1925). The
relationship between corrected mean mortality of T.
castaneum eggs or adults and ßour depth were described using regression models, where mortality of
these stages was ⬍100%. The corrected mean egg
mortality as a function of ßour depth was described by
a linear regression (y ⫽ a ⫺ bx), whereas that of adults
was described by an exponential decay model (y ⫽
Ax⫺b) (SAS Institute 2002).
Results and Discussion
In the control (unheated) treatment, mean ⫾ SE
temperatures inside rings with eggs and adults and on
the ßoor next to the rings ranged from 26.0 ⫾ 2.5 to
26.9 ⫾ 2.6. In the control treatment the mean ⫾ SE
mortality of T. castaneum eggs was 14.5 ⫾ 4.5 to 24.0 ⫾
2.0%, whereas that of adults ranged from 0 to 1.5 ⫾
1.5%. The egg mortality is generally around 10%
(Sokoloff 1974), but 16% mortality is not uncommon
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(Howe 1956). Xue (2010) reported T. castaneum egg
mortality to be around 25%, which was the highest
mortality we observed in life history studies. The
egg mortality data includes not only the mortality of
the egg stage but also that of the larval and pupal
stages, because eggs were reared to adulthood.
The time-dependent temperature proÞles within
the rings on the Þrst ßoor were more variable among
ßour depths than on the third ßoor, irrespective of the
insect stage (Fig. 1). In general, irrespective of the
ßoor and insect stage, the lowest temperatures were
observed in rings with 10.0-cm deep ßour. Temperatures did not reach 50⬚C in a majority of the rings on
the Þrst ßoor compared with the third ßoor. On the
Þrst ßoor, variation in temperature proÞles among
ßour depths was smaller in rings with adults than in
rings with eggs. This difference is probably a location
effect, because the rings were placed ⬇40 cm from one
another. Additionally, the distribution of heat by fans
could have affected some of the differences in temperature proÞles observed within the rings.
The starting temperatures observed on the Þrst and
third ßoors outside the rings before heat treatment of
the pilot ßour mill were ⬇30 Ð31⬚C, and these minor
differences were not statistically signiÞcant (P ⬎ 0.05)
(Table 1). The time required to reach 50⬚C, time
above 50⬚C, and the maximum temperature were signiÞcantly different between the third and Þrst ßoors
(P ⬍ 0.05). The third ßoor reached 50⬚C ⬇4 h faster
than the Þrst ßoor. As a result temperatures above
50⬚C were maintained for 4.7 h longer on the third
ßoor compared with the Þrst ßoor. The maximum
temperature attained on the third ßoor was 6.6⬚C
higher than on the Þrst ßoor. Dean (1911) during a
24-h heat treatment and Goodwin (1912) during a
19.5-h heat treatment reported lower temperatures on
the Þrst ßoor of a mill than on ßoors above it. Goodwin
(1912) measured temperatures in four to Þve different
locations on each of three ßoors. Irrespective of the
locations measured, average temperatures attained at
the end of the heat treatment on the Þrst, second, and
third mill ßoors were 48, 56, and 58⬚C, respectively.
Mahroof et al. (2003a) and Roesli et al. (2003) reported differences in temperatures attained in different locations of ßour and feed mill ßoors, primarily
because of vertical and horizontal stratiÞcation of temperatures.
On the Þrst ßoor, mean ⫾ SE starting temperatures
inside the rings tended to be lower with an increase in
ßour depth, but differences (df ⫽ 5, 6) were not
signiÞcant among ßour depths for eggs (F ⫽ 2.47; P ⫽
0.1508) and adults (F ⫽ 3.95; P ⫽ 0.0624). Except for
ßour depths of 0.1- and 0.2 cm with eggs, on this ßoor,
temperatures did not reach 50⬚C in any of the other
ßour depths. In the case of eggs, the time required to
reach 50⬚C in 0.1-cm-deep ßour was 1.6 times faster
and temperatures above 50⬚C were held for 17 times
longer than in 0.2-cm-deep ßour. The maximum temperatures were inversely related to ßour depth, and
signiÞcant differences were not observed in rings with
eggs (F ⫽ 3.14; df ⫽ 5, 6; P ⫽ 0.0982), but were
apparent in rings with adults (F ⫽ 104.80; df ⫽ 5, 6; P ⬍
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Fig. 1. Temperature proÞles observed during 24-h heat treatments at ßour depths of 0.1Ð10.0 cm in rings infested with
T. castaneum eggs and adults placed on the Þrst and third ßoors of a pilot ßour mill. Each temperature proÞle represents a
mean of two heat treatments.

0.0001). The slow heating of the Þrst ßoor and significantly lower temperatures (P ⬍ 0.05) observed on
this ßoor relative to the third ßoor combined with the
insulating effect of ßour resulted in temperatures not
reaching 50⬚C in rings with 1.0 Ð10.0-cm-deep ßour.
The low temperatures observed on the Þrst ßoor could
be because of loss of heat to the concrete foundation
which is in contact with the Þrst ßoor (Pepper and
Strand 1935). Pepper and Strand (1935) reported an
inverse relationship between concrete depth and temperatures attained. They reported that for every 1 cm
below the surface of concrete the temperature
dropped by 1⬚C.
Both the T. castaneum egg and adult mortalities
were inversely related to ßour depth (Table 2). The
mean ⫾ SE mortality of eggs on the Þrst ßoor at six
ßour depths ranged from 44.1 ⫾ 25.7 to 91.2 ⫾ 8.8% and
that of the adults ranged from 1.0 ⫾ 0.0 to 94.4 ⫾ 5.6%.
The egg mortality was satisfactorily described (r2 ⫽
0.912) by the linear regression. The mean ⫾ SE inTable 1.

tercept (a) and slope (b) values of the linear regression were 88.21 ⫾ 3.18 and 4.15 ⫾ 0.64, respectively.
The adult mortality as a function of ßour depth was
best described (r2 ⫽ 0.972) by an exponential decay
model, and the mean ⫾ SE of parameter A was 21.75 ⫾
4.28 and parameter b was 0.64 ⫾ 0.09. The inverse
relationship between ßour depth and mortality of T.
castaneum eggs and adults shows the protective effect
of ßour on insect survival. This protective effect was
linear for eggs because this stage is immobile. In contrast, adults are highly mobile and are capable of tunneling into ßour (Hagstrum and Smittle 1980),
thereby escaping the adverse effect of high temperatures. The highest adult mortality was observed in
0.1-cm-deep ßour because there was very little ßour
(15 g) for the adults to tunnel down and escape the
heat treatment. With increased ßour depth more
adults may have escaped higher temperatures by moving down in the ßour toward the cooler ßoor. The
dispersive behavior of T. castaneum by tunneling

Temperature parameters (mean ⴞ SE) measured outside rings on the first and third pilot flour mill floors during heat treatment

Floor

Starting temp (⬚C)

Time to 50⬚C (h)

Time above 50⬚C (h)

Max temp (⬚C)

First
Third
t-value
df
P value

29.8 ⫾ 1.4
30.2 ⫾ 1.1
⫺0.26
22.0
0.8010

15.0 ⫾ 1.1
11.7 ⫾ 0.3
2.70
11.0a
0.0206b

8.3 ⫾ 1.2
11.7 ⫾ 0.3
⫺2.70
11.6a
0.0198b

52.1 ⫾ 0.4
58.3 ⫾ 0.8
⫺6.63
15.5a
⬍0.0001b

Each mean is based on n ⫽ 12; means on Þrst ßoor for time to 50⬚C and time above 50⬚C were based on n ⫽ 11 because temperature in one
sensor did not reach 50⬚C.
a
Variances between the two groups being compared were unequal (P ⬍ 0.05).
b
SigniÞcant (P ⬍ 0.05).
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Table 2. Temperature parameters measured and corrected T. castaneum egg and adult mortalities (mean ⴞ SE) in rings placed on
the first floor during pilot flour mill heat treatment
Flour depth (cm)
Eggs
0.1
0.2
1.0
3.0
6.0
10.0
Adults
0.1
0.2
1.0
3.0
6.0
10.0

Starting temp (⬚C)a

Time to 50⬚C (h)

Time above 50⬚C (h)

Max temp (⬚C)b

Mortality (%)

27.0 ⫾ 1.0
26.0 ⫾ 0.0
25.0 ⫾ 0.0
23.5 ⫾ 1.0
23.0 ⫾ 1.5
22.8 ⫾ 1.8

6.6 ⫾ 6.6
11.0 ⫾ 11.0
Ðc
Ð
Ð
Ð

5.1 ⫾ 5.1
0.3 ⫾ 0.3
Ð
Ð
Ð
Ð

51.5 ⫾ 4.0
49.0 ⫾ 1.5
46.3 ⫾ 0.3
44.0 ⫾ 1.0
43.8 ⫾ 1.3
42.8 ⫾ 1.3

91.2 ⫾ 8.8
89.4 ⫾ 10.6
78.3 ⫾ 10.8
71.3 ⫾ 19.2
70.6 ⫾ 28.1
44.1 ⫾ 25.7

26.3 ⫾ 0.3
25.8 ⫾ 0.8
25.0 ⫾ 0.0
23.8 ⫾ 0.8
22.8 ⫾ 1.3
22.5 ⫾ 1.0

Ð
Ð
Ð
Ð
Ð
Ð

Ð
Ð
Ð
Ð
Ð
Ð

48.5 ⫾ 0.0a
47.5 ⫾ 0.5a
46.3 ⫾ 0.3b
44.3 ⫾ 0.3c
42.5 ⫾ 0.0d
42.5 ⫾ 0.0d

94.4 ⫾ 5.6
59.6 ⫾ 40.4
31.2 ⫾ 26.6
2.5 ⫾ 0.5
1.0 ⫾ 0.0
7.1 ⫾ 1.0

Each mean is based on n ⫽ 2.
a
Differences among ßour depths were not signiÞcant for eggs (F ⫽ 2.47; df ⫽ 5, 6; P ⫽ 0.1508, one-way ANOVA) and adults (F ⫽ 3.95; df ⫽
5, 6; P ⫽ 0.0624).
b
Differences among ßour depths were not signiÞcant for eggs (F ⫽ 3.14; df ⫽ 5, 6; P ⫽ 0.0982), but signiÞcant for adults (F ⫽ 104.80; df ⫽
5, 6; P ⬍ 0.0001). For adults, means followed by different letters are signiÞcantly different (P ⬍ 0.05; RyanÐEinotÐGabrielÐWelch test).
c
Temperatures did not reach 50⬚C.

deeper into the ßour may have resulted in mortality
decreasing exponentially with an increase in ßour
depth or amount.
On the third ßoor, inside the rings, the starting
temperatures, time to 50⬚C, time above 50⬚C, and the
maximum temperature among ßour depths varied
very little (Table 3), and each of these variables was
not signiÞcantly different (among ßour depths in rings
with eggs (F, range among variables ⫽ 0.07Ð 0.75; df ⫽
5, 6; P ⱖ 0.6137) and adults (F, range ⫽ 0.24 Ð3.42; df ⫽
5, 6; P ⱖ 0.0831). The time to 50⬚C took 15Ð17 h, and
temperatures above 50⬚C were held for 6 Ð 8 h, and the
maximum temperatures were between 55 and 57⬚C,
and these minor differences did not show any trends
among ßour depths. Higher temperatures were observed on this ßoor compared with the Þrst ßoor,
because this ßoor is heated from both the top and

bottom. As mentioned previously, higher temperatures are generally recorded on ßoors above the Þrst
ßoor (Dean 1911, Goodwin 1912).
On the third ßoor, the mortality of eggs and adults
was 100%, irrespective of the ßour depth (Table 3).
Complete control of eggs and adults on the third ßoor
at all ßour depths can be attributed to the high temperatures attained. At temperatures ⱖ54⬚C, susceptibility differences among T. castaneum life stages tend
to disappear (Mahroof et al. 2003b).
Adults of T. castaneum were observed to be less
susceptible than eggs only on the Þrst mill ßoor. This
Þnding is consistent with previous observations in
replicated heat treatment trials that adults of T. castaneum are less susceptible to heat on the Þrst ßoor of
the pilot ßour mill in bioassay boxes when compared
with other life stages, including eggs (Brijwani 2011).

Table 3. Temperature parameters and corrected T. castaneum egg and adult mortalities (mean ⴞ SE) in rings placed on the third
floor during pilot flour mill heat treatment
Flour depth (cm)
Eggs
0.1
0.2
1.0
3.0
6.0
10.0
Adults
0.1
0.2
1.0
3.0
6.0
10.0

Starting temp (⬚C)a

Time to 50⬚C (h)b

Time above 50⬚C (h)c

Maximum temp (⬚C)d

Mortality (%)

27.0 ⫾ 1.0
26.0 ⫾ 0.0
26.5 ⫾ 0.5
23.5 ⫾ 1.0
23.0 ⫾ 1.5
22.8 ⫾ 1.8

15.0 ⫾ 0.2
15.2 ⫾ 0.4
15.3 ⫾ 0.6
15.3 ⫾ 1.8
16.9 ⫾ 1.5
16.5 ⫾ 1.7

8.2 ⫾ 0.4
7.8 ⫾ 0.0
7.8 ⫾ 0.3
7.3 ⫾ 0.1
6.0 ⫾ 0.8
6.4 ⫾ 0.8

56.5 ⫾ 1.5
56.5 ⫾ 1.5
56.8 ⫾ 2.3
56.8 ⫾ 2.8
55.3 ⫾ 2.3
56.0 ⫾ 2.5

100.0 ⫾ 0.0
100.0 ⫾ 0.0
100.0 ⫾ 0.0
100.0 ⫾ 0.0
100.0 ⫾ 0.0
100.0 ⫾ 0.0

26.5 ⫾ 0.5
25.8 ⫾ 0.3
27.0 ⫾ 0.0
27.0 ⫾ 0.0
25.0 ⫾ 1.0
25.0 ⫾ 1.0

15.3 ⫾ 0.3
15.7 ⫾ 0.1
15.7 ⫾ 0.3
16.2 ⫾ 0.2
17.4 ⫾ 0.7
17.1 ⫾ 0.8

8.2 ⫾ 0.4
7.8 ⫾ 0.1
7.9 ⫾ 0.3
7.3 ⫾ 0.1
6.0 ⫾ 0.8
6.4 ⫾ 0.8

56.5 ⫾ 1.5
56.3 ⫾ 1.3
56.5 ⫾ 1.5
56.3 ⫾ 1.3
54.8 ⫾ 1.8
55.3 ⫾ 1.8

100.0 ⫾ 0.0
100.0 ⫾ 0.0
100.0 ⫾ 0.0
100.0 ⫾ 0.0
100.0 ⫾ 0.0
100.0 ⫾ 0.0

Each mean is based on n ⫽ 2.
Differences among ßour depths were not signiÞcant for eggs (F ⫽ 0.75; df ⫽ 5, 6; P ⫽ 0.6137; one-way ANOVA) and adults (F ⫽ 2.36; df ⫽
5, 6; P ⫽ 0.1625).
b
Differences among ßour depths were not signiÞcant for eggs (F ⫽ 0.42; df ⫽ 5, 6; P ⫽ 0.8208) and adults (F ⫽ 3.42; df ⫽ 5, 6; P ⫽ 0.0831).
c
Differences among ßour depths were not signiÞcant for eggs (F ⫽ 0.49; df ⫽ 5, 6; P ⫽ 0.7714) and adults (F ⫽ 2.97; df ⫽ 5, 6; P ⫽ 0.1090).
d
Differences among ßour depths were not signiÞcant for eggs (F ⫽ 0.07; df ⫽ 5, 6; P ⫽ 0.9947) and adults (F ⫽ 0.24; df ⫽ 5, 6; P ⫽ 0.9325).
a
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In conclusion, the susceptibility of T. castaneum eggs
and adults was inversely related to ßour depths or
sanitation levels, only when temperatures failed to
reach at least 50⬚C. Although sanitation did not inßuence mortality of T. castaneum eggs and adults on the
third ßoor where temperatures were at least 50⬚C and
were held between 50 and 60⬚C for 13 h, it is important
to remove ßour accumulations to improve heat distribution and effectiveness against T. castaneum life
stages.
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