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Table 1. Estimated LTso and LTes (min.) for male and female adults of Trogoderma variabile exposed to
supra-optimal temperatures

Temp. LTso LTes Intercept + Slope = YA HE L.l
(°C) (95% CL)* (95% CL)* SE SE (df) T (%)
Male
40 1076.05 a 6705.28 a -6.28 £0.47 207+0.15 1.02(5) 0.2021 0.64
(n=100)  (847.63-1235.50) (4483.793—
8951.241)
43 12.90b 64.88 b -2.31+£0.20 2.18+0.18 4.02(6) 0.6702 53.81
(n = 100) (9.21-17.26) (44.83-89.59)
46 11.46b 48.61 b -3.17£0.23 285+0.20 4.63(6) 0.7714 60.59
(n = 100) (7.68-14.30) (35.69-65.94)
50 11.05b 26.05c¢ -4.61 £0.33 440+030 1.33(6) 0.2216 62.80
(n = 100) (7.91-14.10) (18.57-38.09)
54 6.94c 22.36¢C -2.72+0.21 3.24+0.24 533(6) 0.8884 100
(n = 100) (4.95-9.15) (14.49-31.51)
Female
40 1073.18 a 4211.18 a -8.40 £ 0.54 277+0.17 1.93(5) 0.3845 0.64
(n=100)  (824.24-1371.59)  (3395.92-6144.28)
43 14.14b 65.92 b -3.36 £0.26 290+0.22 4.07(6) 0.6788 48.93
(n = 100) (11.52-19.80) (43.97-82.94)
46 11.80b 3342c -3.90 £ 0.27 3.64+0.23 293(6) 0.4874 58.60
(n = 100) (9.42-14.17) (25.35-45.82)
50 11.02b 24.10 cd -5.04 £0.35 484+032 229(6) 0.3820 62.76
(n = 100) (8.18-13.70) (17.95-38.51)
54 6.92¢c 18.87d 3.17+0.23 3.77+0.25 2.10(6) 0.3497 100
(n = 100) (4.56-9.42) (13.49-28.92)
Total
40 1077.14 a 5263.74 a -7.24 £0.35 239+0.11 250(5) 0.4896 0.64
(n = 200) (853.498— (3654.58-7533.97)
1334.187)
43 1296 b 64.58 b -2.73+0.16 246+0.14 545(6) 0.9078 53.43
(n = 200) (8.45-18.00) (42.91-85.98)
46 11.29b 40.07 ¢ -3.49 £0.17 3.20+£0.15 5.32(6) 0.8861 61.36
(n = 200) (8.55-14.17) (28.55-55.12)
50 11.03b 25.04d -4.82 £0.24 4.62+0.22 3.32(6) 0.5532 62.77
(n = 200) (8.14-13.77) (18.35-37.96)
54 6.93¢c 20.47d -2.94 £0.16 3.49+0.17 5.37(6) 0.8962 100
(n = 200) (4.84-9.19) (13.51-30.20)

*For male, female and total, different letters in columns with LT values show significant differences (o = 0.05) between
estimated LTs based on lethal time ratios method (Robertson et al., 2017); H.F. = Heterogeneity factor; L.1. (Lethal index: Sun,
1950) = (LTso of the most effective temperature/LTso of selected temperature) x 100.
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Table 2. Estimated LTso and LTes (min.) for male and female adults of Callosobruchus maculatus exposed

to supra-optimal temperatures

Temp. LTso LTos Intercept + 1 L.l
C) (95% CL)* (95% CL)* SE Slope£SE i HFE (o)
Male
40 528.23 a 8439.30 a -3.72+032 137x0.11 4.40 0.8781 0.73
(n =100) (337.97-738.02) (6549.53-10243.96) (5)
43 66.48 b 328.74 b -206£0.16 2.54+0.17 5.54 0.9221 5.80
(n = 100) (44.92-88.11) (220.03-544.66) (6)
46 8.39¢ 33.85h -251+0.19 2.71+0.19 2.76 0.4619 4597
(n = 100) (6.27-10.75) (22.33-51.47) (6)
50 8.84 c 33.64b -2.68£0.22 2.83+0.21 3.69 0.6144  43.62
(n = 100) (6.44-11.29) (22.043-53.987) (6)
54 3.85d 19.10c -139+0.12 237+0.15 3.03 0.5049 100
(n = 100) (2.74-5.04) (12.87-28.35) (6)
Female
40 564.07 a 6098.02 a -4.38+0.33 1.59+0.12 2.16 0.4316 0.75
(n =100) (358.80-771.31) (4887.19-8622.28) (5)
43 67.78 b 326.50 b -2.75+£0.19 3.09+0.19 2.53 0.4223 6.28
(n = 100) (46.19-89.49) (209.47-545.22) (6)
46 8.70 c 32.64c -232+0.18 2.62+0.18 481 0.8005 48.94
(n = 100) (6.13-10.52) (20.06-53.33) (6)
50 7.31c 25.78 cd -3.61+£0.26 3.72+0.24 2.96 0.4927 58.22
(n =100) (5.55-10.08) (19.48-38.08) (6)
54 4.26d 20.10d -154+0.13 244 +0.16 20.76 0.4152 100
(n = 100) (3.08-5.61) (13.07-35.38) (5)
Total
40 543.07 d 6863.40 a -4.08+£0.23 1.49+0.08 3.81 0.7630 0.74
(n=200)  (345.32-730.57)  (4178.70-8549.62) (5)
43 67.12b 327.79b -2.37+0.12 2.78+0.12 4.76 0.7934 5.97
(n = 200) (45.56-88.77) (219.92-549.58) (6)
46 8.04 ¢ 33.31c -241+0.13 2.66+0.13 3.73 0.6226  49.82
(n = 200) (5.81-10.49) (21.50-58.22) (6)
50 9.07¢c 29.28 ¢ -3.09+£0.16 3.23+0.16 3.33 0.5553 44.15
(n = 200) (7.05-11.13) (20.79-40.59) (6)
54 4.00d 18.34d -1.50+£0.09 2.49+0.11 3.48 0.5796 100
(n = 200) (2.89-5.19) (12.57-35.47) (6)

*For male, female and total, different letters in columns with LT values show significant differences (« = 0.05) between
estimated LTs based on lethal time ratios method (Robertson et al., 2017); H.F. = Heterogeneity factor; L.1. (Lethal index: Sun,
1950) = (LTso of the most effective temperature/LTso of selected temperature) x 100.
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Table 3. Estimated LTso and LTes (min.) for male and female adults of Lasioderma serricorne exposed to
supra-optimal temperatures

Temp. LTso LTes Intercept + A L.l
cC) (95% CL)* (95% CL)* SE Slope+SE G4 HF (g5
Male
40 2742.08 a 9189.90 a 1077+097 313+027 344 08603 044
(n=83)  (1917.67-3462.65)  (7639.60-11948.26) )
8 163.16 b 510.36 b 735+055 3324024 276 06934 746
(n=100)  (116.17-210.45) (356.75-717.84) )
46 79.31¢ 270.14 ¢ 587+045 3094023 404 08099 1535
(n = 95) (52.37-105.12) (179.32-382.24) (5)
50 2228 d 42.93d 778+041 5774031 196 03261 5464
(n=100)  (21.06-23.60) (38.23-50.46) ®)
54 1217 e 2244 ¢ 673+045 6194040 422 08441 100
(n = 95) (9.83-14.88) (17.49-33.20) (5)
Female
40 287093 a 772590 a 13234090 383+025 392 09776 040
(n=117)  (2080.30-3587.92)  (5784.60-9884.23) @)
43 170.77b 511.52 b 771+056  345+024 149 03712 6.68
(N=100)  (114.67-228.60) (346.75-754.86) @)
46 82.21 ¢ 236.14 ¢ 687+051 3504026 082 02041 1387
(n=105)  (53.73-112.72) (155.25-300.18) @)
50 21.20d 36.70 d 916+046 6904034 089 01492 5378
(N=100)  (2021-22.24) (33.615-41.252) ©)
54 1140 2367 ¢ 548+035 5194033 456 09138 100
(n = 105) (9.05-14.03) (17.95-37.39) 5)
Total
40 282041 a 8283.04 a 12134066 352+0.18 3.88 09721 042
(1=200)  (2068.99-3496.29)  (6201.80-10552.35) @)
83 166.94 b 511.13 b 752+039 3384017 199 04983 7.05
(n=200)  (118.18-216.52) (356.05-748.32) @)
46 80.16 238.19 ¢ 6.62+033  348+017 239 04780 14.68
(N=200)  (55.15-104.18) (165.76-344.47) (5)
50 21.72d 39.66 d 841+030  629+023 197 03283 5417
(N=200)  (20.67-22.82) (36.02-45.11) ©)
54 11.76 ¢ 2316 € 599+028 550+025 393 07853 100
(n = 200) (9.45-14.40) (17.81-34.81) 5)

*For male, female and total, different letters in columns with LT values show significant differences (a = 0.05) between
estimated LTs based on lethal time ratios method (Robertson et al., 2017); H.F. = Heterogeneity factor; L.1. (Lethal index: Sun,
1950) = (LTso of the most effective temperature/LTso of selected temperature) x 100.

1- Suboptimal temperatures
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Table 4. Estimated LTso and LTgs (min.) for male and female adults of Oryzaephilus surrinamensis exposed

to supra-optimal temperatures

Temp. LTso LTos v L.l
C) (95% CL)* (95% CL)* Intercept £ SE  Slope + SE (df) H.F. (%)
Male
40 2138.73 a 8619.30 a -9.05 £ 0.68 222+020 215 04319 042
(n=100) (1556.06-2722.10 (5834.51-10400.32) (5)
43 12.64 b 49.89b -4.64 £0.31 421+027 261 04334 7040
(n=100) (10.66-14.62) (28.76-61.15) (6)
46 11.02b 31.06 b -2.61+0.19 051+0.17 332 0.5533 80.78
(n=100) (7.39-15.80) (24.65-47.03) (6)
50 9.90b 19.17 ¢ -5.71£0.38 573+0.37 1.87 0.3118 89.89
(n =100) (8.93-10.86) (16.44-24.67) (6)
54 8.90b 13.78d -8.23 £0.57 6.70+0.57 3.80 0.6325 100
(n=100) (7.80-9.74) (12.17-17.81) (6)
Female
40 1962.81 a 7287.43 a -9.51 +0.66 289+0.20 336 0.6742 045
(n=100) (1270.58-2626.78) (5809.38-10784.69) (5)
43 12.05b 49.90b -4.68 £0.31 433+027 180 0.2997 7275
(n =100) (10.50-13.57) (29.07-66.74) (6)
46 12.19b 28.88¢c -2.92+0.21 269+0.18 548 0.9128 71.89
(n=100) (8.36-17.61) (23.94-38.83) (6)
50 11.28b 21.02¢c -6.40 £0.40 6.09+0.38 3.30 0.5495 77.70
(n=100) (9.97-12.77) (17.32-30.71) (6)
54 8.77b 13.61d -8.12 +0.55 561+056 589 09830 100
(n =100) (7.17-9.89) (11.68-20.39) (6)
Total
40 2047.82 a 7934.50d -9.26 £0.48 280+0.14 355 0.7081 0.41
(n=200) (1416.01-2666.81) (5309.81-9345.86) (5)
43 13.10b 50.11b -5.09 £0.23 455+020 339 0.5660 63.63
(n=200) (10.46-15.81) (39.07-69.84) (6)
46 11.60 b 30.07 ¢ -2.75+0.14 259+0.13 446 07430 7184
(n=200) (2.89-14.65) (22.96-43.80) (6)
50 10.58 bc 20.24d -5.98 +0.27 584+0.26 417 0.6954 78.78
(n =200) (9.55-11.65) (17.20-26.67) (6)
54 8.33¢ 13.83¢ -8.17 £0.40 8.63+0.40 3.89 0.6476 100
(n =200) (7.53-9.80) (11.94-18.77) (6)

*For male, female and total, different letters in columns with LT values show significant differences (o = 0.05) between
estimated LTs based on lethal time ratios method (Robertson et al., 2017); H.F. = Heterogeneity factor; L.I. (Lethal index: Sun,
1950) = (LTso of the most effective temperature/LTso of selected temperature) x 100.
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Table 5. Estimated LTso and LTes (min.) for male and female adults of Plodia interpunctella exposed to
supra-optimal temperatures

Temp. LT LT 2 L.l
(°C;) (95% (S:OL)* (95% é5|_)* Intercept + SE  Slope + SE (éf) HE o0
Male

40 423.61a 2358.86 a -5.79£0.39 2.21+0.15 2.53 0.4231 1.73
(n1=100)  (362.72-495.60)  (2018.23-2716.17) ©6)

43 92.78 b 27455 b -6.87 £0.45 3.49 £0.22 1.47 0.2444 7.92
(n1=100)  (80.95-105.43) (227.84-304.36) ©6)

46 25.39¢ 53.99¢ -7.05+0.48 5.02+£0.35 2.71 0.4523 28.96
(n = 100) (22.29-29.90) (41.47-68.79) ©)

50 17.06 d 25.03d -5.17 £ 0.82 4.88 +0.66 3.66 0.7321 43.10
(n = 100) (14.66-19.53) (21.22-32.43) ©)

54 7.35¢e 24.42d -2.73+£0.20 3.15+0.22 5.61 0.9356 100
(n = 100) (6.26-8.57) (18.14-33.28) 6)

Female

40 478.61 a 3156.84 a -5.38 £0.38 2.01+0.14 1.32 0.2186 2.11
(n =100) (389.35-558.03) (2616.13-3546.55) (6)

43 104.05b 287.50 b -7.52 £0.47 3.73+0.23 5,51 0.9187 9.69
(n = 100) (75.82-122.34) (228.92-324.04) 6)

46 28.16 ¢ 49.05¢ -9.89 £0.62 6.82 +0.44 2.02 0.3355 35381
(n = 100) (25.90-31.17) (41.64-64.10) ©6)

50 18.25d 33.03d -6.15£0.77 5.84 +0.61 1.84 0.3700 55.26
(n = 100) (15.36-22.30) (23.62-46.59) ©)

54 10.08 e 28.00d -3.20£0.23 3.19+0.25 2.79 0.4681 100
(n = 100) (8.34-13.02) (22.71-38.14) 6)

Total

40 449.49 a 2723.15a -5.58 £0.27 2.10+0.10 1.95 0.3249 1.83
(n1=200)  (378.66-537.01)  (2391.49-3093.51) ©)

43 98.32b 282.11b -7.16 £0.33 3.59+0.16 1.27 0.2118 8.38
(n1=200)  (79.12-110.82) (230.08-315.65) ©6)

46 26.82¢c 52.17 ¢ -8.13+£0.37 5.69 +0.27 4.77 0.7945 30.73
(n = 200) (24.23-30.44) (42.35-66.95) 6)

50 17.63d 26.53d -5.55 £ 0.56 5.27 +0.44 1.15 0.2292 46.73
(n = 200) (15.14-20.52) (22.13-36.26) ©)

54 8.24 ¢ 18.19d -3.00£0.15 3.27+0.16 2.52 0.4219 100
(n = 200) (7.27-9.37) (12.14-25.02) 6)

*For male, female and total, different letters in columns with LT values show significant differences (« = 0.05) between
estimated LTs based on lethal time ratios method (Robertson et al., 2017); H.F. = Heterogeneity factor; L.1. (Lethal index: Sun,
1950) = (LTso of the most effective temperature/LTso of selected temperature) x 100.
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Abstract

Background and Objectives

The escalating concerns regarding the adverse effects link to pesticide utilization against stored-
product pests have amplified interest in exploring safer alternative approaches, notably physical
control methods. Temperature management, a prominent avenue within physical control, is
considered one of the most promising strategies against these pests. This investigation
scrutinizes the effectiveness of elevated temperatures on adult specimens of the warehouse
beetle (Trogoderma variabile), four-spotted bean weevil (Callosobruchus maculatus), tobacco
beetle (Lasioderma serricorne), saw-toothed grain beetle (Oryzaephilus surinamensis), and
Indian meal moth (Plodia interpunctella).

Materials and Methods

Experiments employed one-day-old adults. High temperatures (40, 43, 46, 50 and 54 °C) were
regulated using an electric oven (Memmert, Germany). Initially, each species underwent
individual assessment in preliminary tests, establishing eight exposure durations for the main
bioassays. Within each exposure duration, groups of one-day-old adults (4 replicates,
comprising 25 male and 25 female adults per replicate) were housed in glass Petri dishes. Upon
completion of the exposure period, adults were relocated to ambient room conditions (21-27 °C;
55-70% R.H.). Subsequently, deceased males and females were tallied after a 24-hour interval.
Results

Both male and female adults across all species exhibited equivalent sensitivity to supra-optimal
temperatures. As anticipated, higher temperatures significantly reduced the LTs (lethal times);
however, distinct response patterns were observed among the studied species. At 40 °C, the
LTsos (time to induce 50% mortality) for T. variabile, C. maculatus, L. serricorne, O.
surinamensis, and P. interpunctella were approximately 18, 9, 47, 34, and 7.5 h, respectively.
At 54 °C, these times decreased dramatically to about 7, 4, 12, 8 and 8 min, respectively.
Correspondingly, the LTess (time to induce 95% mortality) at 40 °C these pests were
approximately 3.7, 4.8, 5.7, 5.5, and 1.9 days, respectively, whereas at 54 °C, they reduced
substantially to about 20, 18, 23, 14, and 26 min, respectively. For T. variabile adults, the LTsos
at 43, 46, and 50 °C (approximately 13, 11.3, and 11 min, respectively) were roughly 1.7 times



longer than that at 54 °C (around 7 min). Conversely, at 40 °C, the LTso was considerably
lengthier (1077 min). C. maculatus adults displayed LTso values at 46 and 50 °C (around 8 and
9 min, respectively), roughly twice as long as those at 54 °C (4 min). At 40 and 43 °C, the LTsos
were notably longer (543 and 67 min, respectively). In the case of L. serricorne, solely the LTso
at 50 °C was approximately twice as long as that at 54 °C (approximately 12 min). At 43 and
46 °C, however, the requisite LTsos were lengthier (about 167 and 80 min, respectively), while
at 40 °C, the LTso was substantially longer (about 2820 min). For O. surinamensis adults, the
LTsos at 43, 46, and 50 °C were approximately 1.3 to 1.5 times longer (about 13, 12, and 11
minutes, respectively) than that at 54 °C (about 8 min, with the LTso at 40 °C being notably
longer (about 2048 min). Concerning P. interpunctella, the LTses at 46 and 50 °C were roughly
three (about 27 min) and two (about 18 min) times greater than the LTsp at 54 °C (about 8 min).
At 40 and 43 °C, the LTses were considerably longer (about 449 and 98 min, respectively). In
general, based on both LTso and LTos values, L. serricorne emerged as the most tolerant species,
while C. maculatus, according to LTse values, and O. surinamensis based on LTgs values,
appeared to be the most sensitive species to high temperatures.

Discussion

Despite the varied responses observed among adult stored-products insects to supra-optimal
temperatures, the comparison between estimated L Tsos and L Tess indicated the notable efficacy
of high temperatures, particularly at 50 and 54 °C, in inducing substantial mortality rates. This
effectiveness ranged from approximately 23 min for L. serricorne to 14 min for O.
surinamensis, resulting in 95% mortality. Our findings underscore the potential of high
temperatures as a pivotal tool in the management and mitigation of economic losses caused by
the five studied pests. The outcomes of this research advocate for the significant role that
elevated temperatures can play in addressing these pests. Considering our results in conjunction
with existing reports on the effects and efficiency of high temperatures, the physical control
method utilizing elevated temperatures emerges as a viable alternative to chemical insecticides
for controlling stored-products moths and beetles. This method holds promise and can be
incorporated into pest management programs targeting these particular pests.
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