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ABSTRACT: The developmental times of mealworm beetle larvae, Tenebrio molitor were studied at six temperatures ranging from 15
to 30°C with 60~70% RH, and a photoperiod of 14L:10D. Mortality of larval period was very low at 17 and 20°C but did not die over
22°C. Developmental time of larva was decreased with increasing temperature. The total developmental time of 7. molitor larvae was
longest at 17°C (244.3 days) and shortest at 30°C (110.8 days). Egg and larvae were not developed at 15°C. The lower developmental
threshold and effective accumulative temperatures for the total larval stages were 6.0°C and 2564.1 degree-days, respectively. The
relationship between developmental rate and temperature was fitted by a linear model and nonlinear model of Logan-6(r2 =0.95). The
distribution of completion of each development stage was well described by the 2-parameter Weibull function (r2 =0.8502~0.9390).
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1973; Tyshchenko and Ba, 1986; Weaver and Mcfarlane,
1990; Connat et al., 1991). Z=tof| A= 1000 A e Z-AA
A27F AR E ol F o 2ol = A1, 7 AR 9 ol ehE
£ do| &2 9o] Alejo] k3] w11 9] (Liuet al., 2011), =+
o] A 229 Al@slslis Akjo] AaE oz Z7ET 9l
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5O WA, A, R 5 A 7] el o

FE )X 1 F0% BeE 891 F shi} 2Eoln, 2
20| W WES dlZa}7] o5t 71 BA @ heA 25T}
oo TS sjAjel A e welo] glogtrk Campbell
et al., 1974; Logan et al., 1976; Schoolfield et al., 1981; Lactin
et al., 1995; Briere and Pracros, 1998; Briere et al., 1999; Kim
et al., 2001). £%2] W&ol 2w oLo] A S 23] 74
= ol-gste] L2 =0t RN =5 A5 A20]
L 312 ftof| A A sHA a7t oA o] AR A o2 S
A GRS 7HAIA HER 250 U2 s skt LA}
RIS o] glof(Howe, 1967; Scopes and BiggerstafT,
1977), ol& Bekspy| ffste] Wadie et 2w ote] PAS A
%, WY e o 4dels W Sol A4 ¥l gtk Logan etal.
1976; Sharpe and DeMichele, 1977; Schoolfield et al., 1981;
Taylor, 1981; Lactin et al., 1995; Briere et al., 1999; Tobin et
al., 2001; Roy et al., 2002; Kontodimas et al., 2004; Logan et
al., 2006).
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F=36.6, df=5, P<0.001, 6th F=49.3, df=5, P<0.001, 7th
F=84.8, df=5, P<0.001, 8th F=45.6, df=5, P<0.001, 9th
F=54.7, df=5, P<0.001, 10th F=50.8, df=5, P<0.001, 11th
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Table 1. Development period (day, mean=SE) for larval stages of Tenebrio molitorat various temperatures

Temp. (C)
Stage
17 20 25 28 30
™ 6.0+1.67j" 4.9+0.47j 4.3+0.95j 3.0+0.32j 3.0+0.32j 1.7+0.21j
2m 21.8+2.84fgh 12.5+0.43i 10.6£3.38hi 9.0+£0.54hi 9.0£0.57hi 4.5+1.16i
3¢ 19.6+4.50efg 13.0+0.84hi 9.9+£2.92i 8.0+0.71i 8.0+0.70i 6.8£1.02h
4" 15.44+2.42i 13.5+2.22hi 10.6+3.51hi 8.0+1.24i 7.8£1.09i 7.2+0.78gh
5" 20.4+4.69def 15.5+4.23fg 9.8+1.71i 8.5+1.84hi 8.3+1.70hi 6.9+0.84gh
6" 16.4+3.08hi 14.2+0.96gh 9.8+1.94i 8.4+1.26hi 8.2+1.16hi 7.5+0.88gh
7" 18.8+2.34fgh 15.8+1.53de 12.5+£2.47gh 8.2+0.95i 8.2+0.98hi 8.0+0.87fg
g™ 17.0+2.85ghi 17.9+0.91bc 12.9£2.92gh 9.6+1.46h 9.5+1.49g 9.0+1.22de
9t 19.8+2.30efg 17.1£0.76¢cd 14.7+3.15¢ 10.8+1.02¢ 10.7+1.05¢ 9.4+1.71d
10" 21.0+2.85def 18.5+1.01abc 14.5£1.93¢g 12.741.54f 12.8+1.61f 11.0+1.35¢
1" 22.1+3.01cde 18.6+0.92abc 12.8+£2.19gh 13.741.38f 13.6+1.43¢ 12.2+1.58b
12" 22.8+3.06¢ 19.0+1.40ab 14.3+2.28¢g 16.9+£2.58d 17.1£2.63d 13.0+1.63ab
13" 23.241.23dc 19.9+£2.03a 18.5+5.28¢ 15.7£1.70e 15.5¢1.71e 13.5+1.42a
Total 2443+36.84a 200.3£17.7b 155.2+34.6¢ 126.8+11.2d 125.2+10.5d 110.8+14.66¢

;Values followed by the same letter within a column are not significantly different(P>0.001, DMRT).
The means followed by same letter in a row are not significantly different(P>0.001, DMRT).

Table 2. Stage-specific mortality of Tenebrio molitor at various
temperature in the laboratory

Temp. (C) and Larval mortality (%)
17 20 22 25 28 30
45 0.0 0.0 0.0 0.0 0.0 0.0

Stage n

[
a

2 45 00 00 00 00 00 00
3 45 00 00 00 00 00 00
4" 45 00 00 00 00 00 00
s" 45 00 00 00 00 00 00
6" 45 00 00 00 00 00 00
7" 45 00 00 00 00 00 00
8" 45 22 00 00 00 00 00
9" 45 00 22 00 00 00 00
10" 45 00 00 00 00 00 0.0

"™ 45 22 00 00 00 00 00
12" 45 00 00 00 00 00 00
13" 45 00 00 00 00 00 00

Total - 44 22 00 00 00 00
ZH kST AR Al () = 9-320] 9 0.5775~0.9821 9.2
o, 6% A= 0.95142 2 AL e ek Ist larva

F=18.8, df=4, P>0.001, 2nd F=13.2, df=5, P>0.001, 3rd
F=82.5, df=4, P<0.001, 4th F=31.4, df=4, P>0.001, 5th
F=51.4, df=4, P>0.001, 6th F=47.4, df=4, P>0.001, 7th
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Fig. 1. Development rate curves (1/day) for total larval stage of

Tenebrio molitor. The linear and non-linear (Logan 6) models
were used.

F=38.4, df=4, P>0.001, 8th F=33.1, df=4, P>0.001, 9th
F=90.8, df=4, P<0.001, 10th F=60.8, df=4, P>0.001, 11th
F=10.4, df=4, P>0.001, 12th F=5.5, df=4, P>0.001, 13th
F=41.6, df=4, P>0.001). 15~138 9274 &S A=
12.3,13.1,8.9,5.4,9.6,6.0,8.8,6.0,6.0,1.9,3.1,7.3,9.4C ¢
o HAAF526.0C Atk FaEHAL w1 2 ob US89~
138 G57HA] SR THAE G2 AR = 36.6, 94.3, 142.9,
170.4, 140.9, 174.5, 157.2, 205.8, 222.2, 311.5, 395.3, 518.1,



Table 3. Estimated parameters of a linear model regression
development stage of 7enebrio molitor

Lower Degree
threshold Days r
temperature* (DD)**

Stage Intercept Slope

a

1 -0.3367 0.02730 123 36.6  0.8243
2" .0.1389 0.01060 13.1 943  0.7668
3¢ -0.0620 0.00700 8.9 1429 09537
4™ .0.0315 0.00587 5.4 1704  0.887
5" -0.0679 0.00710 9.6 140.8  0.9278
6" -0.0343 0.00573 6.0 1745 0.9221
7" -0.0562 0.00639 8.8 1572 0.9056
8™ -0.0290 0.00486 6.0 205.8  0.9821
9" .0.0274 0.00450 6.0 2222 0.9578
10" -0.0061 0.00321 1.9 3115 0.9383
11" -0.0078 0.00253 3.1 3953 0.7225
12" -0.0141 0.00193 73 518.1  0.5775
13" -0.0225 0.00240 9.4 4167 09122
Total -0.00234 0.00039 6.0 2564.1 0.9514

;Low threshold temperature = | intercept / slope |.
Degree Days = 1/ slope.

Table 4. Estimated parameters of a non-linear model for
development stages of Tenebrio molitor

2

Stage Y yo) T AT r
1*0.02575  0.1004 224215  4.054 0.8935
2" 0.00750  0.1049 225928  4.052 0.7779
3¢ 0.01620 0.1522  35.766 5.925 0.9574
4™ 0.01990 0.1419 35397 6.223 0.9234
5" 0.01550  0.1493  36.573 6.037 0.9208
6" 0.01770 0.1382  35.920 6.290 0.9449
7" 0.00857 0.1771  33.880 5.099 0.9605
8" 0.01198 0.0864 33.935 2.595 0.9269
9" 0.01236 0.1110 38.812 6.568 0.9631
10" 0.02200 0.1003  40.164 8.200 0.9414
11" 0.02397  0.1110  36.790 7.730 0.7761
12" 0.04500 0.0667 48.620  12.560 0.5715
13" 0.01650 0.0705  31.130 1.320 0.7232

Total 0.00226 0.1235  38.620 7.380 0.9515

416.79% glom {5 AA Wil st FarREs

25641473t Ao R = 45]0413](Table3) q 2 Ak

sl e ol wgsEgie] AAFALe|A 2o 7]e7]e) o

S GEANEEI AL AL 719717 2 AL ojstuz

S slo] n}2 4 & MElr} 13 S04 7}11- 33128

FEollA 7 252 & 4 AUITH(Table 3). 50 U555
OF 2Lk A S B o] 7heeh A 2= H 9ol A A4
O] BAIE 7HAl= Alo] of L o B agh A 2] 717t
9] o7 ARIel T2 o) 7hA ERl A0 S5
FeS 7h 7 HEE A A o3t e et w0 S
o A7 5101 o1 aflal] 1) 1403 s g

= dA+50] 5t Logan et al., 1976; Sharpe and
DeMichele, 1977; Schoolfield et al., 1981; Lactin et al., 1995;
Briere et al., 1999). H]41& %% (Logan 6)2 o|-&3}0] &=9}
SgTle) WS BT AT Y, 23§39 AL
(T vdd o= 4= om, 39~137 5= 31.1-48.

gon, 2827712386 C 2 =4 = ¢ thTable 4). Roy
et al. (2002)01]/\1 Logan 6 R Q0] A% =A(T-AT)E 7
So191e 1) 133 29 §52 vEdRoR FYHUL, 3
2138 §5228.8-36.1C 2 F4=gon, & 8371712
31.2C 2 A5 AAH A2 =30C Ax g A=) &
Z 7F kST AR AR 9352 A9 0.5775~0.9821
Fom, §5 A= 0.95149] RS el dek(1st
larva F=5.9, df=2, P>0.001, 2nd F=2.3, df=2, P>0.001, 3rd
F=14.9, df=2, P>0.001, 4th F=8.0, df=2, P>0.001, 5th F=7.6,
df=2, P>0.001, 6th F=11.4, df=2, P>0.001, 7th F=16.2, df=2,
P>0.001, 8th F=8.5, df=2, P>0.001, 9th F=17.4, df=2,
P>0.001, 10th F=10.7, df=2, P>0.001, 11th F=2.3, df=2,
P>0.001, 12th F=0.9, df=2, P>0.001, 13th F=7, df=2,
P>0.001). &Y Liuet al. (2011)2 Z-A A # 8] o] A AlL2-S
45°C 2 Wislo] B el 2ol Bty mye] AP
Urefiier ghol 13,25, 113, 123, 137 -5 28 aA o A
A, HAY B R 0 e A Bew B 13

= e)
92 A% 282031559 u] & o mE A3hde B o).
wihy EH—‘?'#_J 0117]1— ]j]“l;(—? =0 3y AL L]’H'LH%{J—L
O =

AR 0] mH AT L AH(=0.9514), H]AL 3(1°=0.9515)
52 13 49 LrehGleK Table 3, 4

3
A

nz
s
Hu
H

I
H
o

50 gt 2329 9h= Curry et al. (19782) 9] W
O 2 FUTH ST, FUs A Y] HESEE FH5)
A} 7 g2 AAEY] HE710E B HSTIeR
U= T 2-parameter Weibull $Hof 2-8A1A4 3w E 3
Holeick 7 wseE =Y A3e dehis ¢ gl
0.8502~0.9390 0.2 F5 5t B A2 H O w(Table 5),
W B BRI FHOR i Bmsle] w717
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Table 5. Estimated parameters of the two-parameter Weibull
function for development completion of larvae of 7enebrio molitor

Stage Parameter Estimated value SEM P
o B 6.1255 0.7194
1 0.8502
n 1.0069 0.0124
nd B 10.5887 0.8790
2 0.8886
n 1.0083 0.0044
d B 9.3344 0.7062
3 0.9024
n 1.0140 0.0053
h B 7.0087 0.6572
4 0.8646
n 1.0027 0.0081
h B 6.4040 0.5451
5 0.8865
n 1.0101 0.0088
th B 7.1342 0.5416
6 0.9069
n 1.0221 0.0079
h B 9.1249 0.5299
7 0.9390
n 1.0197 0.0042
th B 7.6435 0.6489
8 0.8629
n 1.0428 0.0070
h B 8.9023 0.7977
9 0.8756
n 1.0153 0.0063
h B 10.7723 0.7023
10 0.9248
n 1.0221 0.0040
h B 9.2091 0.6335
11 0.9122
n 1.0236 0.0052
th B 8.5580 0.8964
12 0.8525
n 1.0112 0.0077
h B 8.6908 0.8364
13 0.8707
n 1.0128 0.0071
B 13.0948 0.9526
Total 0.8917
n 1.0179 0.0036

o7} & 70 = WEHEITKFig. 2). TEAEAA] 24 A
o) 19§52 PHOR Bo] Hi o) H &S 2Asle] f5
uhgm g o2 ghat | mal At AR 2fgle] oS gkt
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Fig. 2. Cumulative proportion of development completion for
total larval stages of 7enebrio molitoras a function of normalized
time (developmental time/mean developmental time). The
2-parameter Weibull function was used.
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