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Abstract. The objective of this study was to estimate cardina temperatures for germination of lettuce (Lactuca sati-
var L.) using bilinear, parabolic, and beta distribution functions. Seeds of |ettuce were germinated in a growth cham-
ber a 7 constant temperatures: 10, 14, 16, 20, 24, 28, and 32°C. Four replicates of 100 seeds were placed on two
layers of filter paper in a9 cm petri-dish. Radicle emergence of 1 mm was scored as germination. The time course of
germination was modeled using a logistic function. These minimum, optimum, and maximum temperatures were
estimated by regression of the inverse of time to 50% germination rate against the temperature gradient. In bilinear
function, minimum, optimum, and maximum temperatures were 7.9°C, 23.3°C, and 28.0°C, respectively. In para-
bolic function, minimum, optimum, and maximum temperatures were 9.7°C, 19.5°C, and 29.4°C, respectively. In
beta distribution function, minimum, optimum, and maximum temperatures were 3.7°C, 20.7°C and 32.0°C, respec-
tively. Minimum, optimum, and maximum ranges of temperatures were 3.7~9.7°C, 19.5~23.3°C, and 28.0~32.0°C,

respectively.

Additional key words: germination, germination rate, growing degree-days, maximum temperature, minimum tem-

perature, optimum temperature
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7AaRlew, e AETE AL 2ol vh3shH, H
A, FA g Ha 252 vtk Jami Al-Ahmadizt Kafi,
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olgo] FAA} Fo Lo HA L% olsh} Ha &
= ool 348 F43h=dl F23ItHJami Al-Ahmeadi
3} Kafi, 2007; Montieth, 1981; Seefeldt &, 2002). ™
ZA, T8 25 o7IF Al tisk AE] vheS
dSshet 8% ARE AT & 5 Aot =3 F
o] s 55 g 78 25 A, S5 A
& 2 S oSSk $23 Are 289 4= Qi

T8 REE oS3 2dAS o] 8ste 53l
© B2 d7Ec] A= SitHAflakpui 5, 1997,
BrownZ} Mayer, 1988, Carberry2} Abrecht, 1990; Del
Monte2} Tarquis, 1997; Hardegree, 2006; lannucci 5,
2000; Jami Al-Ahmadiz} Kafi, 2007; Roché 5, 1997;
Seefeldt 5, 2002). APELS o835 AF(Aflakpui 5,
1997)9} A= BElS o83t A (Dumur 5, 1990;
Hardegree, 2006; Roché ‘&, 1997; Seefeldt &, 2002;
Yan#} Hunt, 1999; Yin %, 1995) @ H]X33keel H
EFl(beta distribution) 2&-S- 0]-&31 AEo] ATt
(Yanz} Hunt, 1999; Yin 5, 1995). &3], HeERRE= %

39



a7 -

5o fxo wE g4 WeAY FAE WS
L2 Sk X33 Aotk (Yandt Hunt, 1999). ©] &
I AETH Ao Hed F Ue TF= ¢HA
ATH(Yans} Hunt, 1999; Yin 5, 1995).

o Ao HA 259 A 2= 44 0-5°C
9} 20~25°C 9otk (Monteith, 1981). A= WA
242, Woldl] FHA L= 4°Colal, HFH LE=
15~20°C, il &%+ 25°Colt}. A& g0 st 5
QL 2= FEE ASUAEE 2 7E M (Dd Monte2}
Tarquis, 1997; lannucci 5, 2000; Jami Al-Ahmadiz}
Kafi, 2007; Monteith, 1981; Oliviere} Annandale, 1998;
Seefeldt 5, 2002; Slafer®t Savin, 1991; Tan &, 2000),
o} 288 B FQ 252 o=35 = 9y}

o] AT HAL A ol HAYPS FI T8 2%
&AA, 4, A A, A5 2 =
ol-gsle] dSetal FHA| g Blalske Aol

NT

AR AFe AF FF T APEER] 325(Aram
. Co)S o]83lt}. o

S ol g3y &= AALS 10, 14, 16, 20, 24,
28, 329} 36°CZ F-2FoA wolrzit), ol
9cm FEZUH) No. 2 ZEjF0|HE 24 231, 1 ¢
of 100719 FTAE ST SRS 10mLE Y3
F2agAolx Wols AFYh o] 1mm UskS o
S Wol2 A3tHon, Mg dolst FAE AASI

Hole X2 (52 1D)E ol8sl AlgE Z

At
Y =M x [1+exp(-kx (t-L)]™ D

Aq71A, Y= IR ket A, M ZAIEQ]
ol Le AIRE A5, 18131 ke S7H8(Roché &,
1997)0lt}. 8 L£h= 254 wE dolgo] 50%F
Al AF(UGRs)= AIS3IATE T82EE 53]
el AP, A et mERSE o8Sklth
(Cho et a., 2009). 9] AlTE2 GaussNewton &
NEES ol8dt St SAEALS SigmaPlot
(SPSS Inc., Korea)?} SAS(Statistical Analysis System)
Z2IOHE o] galglon, e oR s 4
Bt A3 AaH=S ANOVA(analysis of variance)
A7kt
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Fig. 1. Changes in cumulative germination of lettuce through time
at different constant temperatures. Data are means+ SE of four
replications.
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Fig. 2. Changesin final germination percentage of lettuce seeds at
seven constant temperatures. Data are means + SE of four repli-
cations.

Fig. 17 2t} %7} 20°Ce} 24°C A2]qrellx] ol
It wskom, 32°C A} wolkert 7P =gt
2= A2 HolrlE 10°CeF 32°C A2l 3Y, 14°C
22l 2d, 16°C, 20°C, 24°C, 28°C Ag]77} 10|
Atk 28°Ce} 32°C APTE AQfstal T H2|TollA
T Yol S Bt

HE dolse 28°Ce 32°C AT Alefstar k&
Ag)TolN w2 HT HoleS Etk(Fig. 2). 10°C,
14°C, 16°C, 20°C, 24°C A&7zt FF Lol&o] Aol=
AATH. WA 10°CollA 24°C7HA 2] HE dolgoll=
A glont, Wolrle} WolEeE s B of, 20°C
o} 24°C7} 37T Wolslet] Yt ke S &
ATt e A8 AR dEA Ao dRide=
YA AAe dolerE 128-18.3°CE 4#A AUt
FFe] oAl HA ke 4Cola, HHY ke
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Table 1. Coefficients of the germination model on different con-
stant temperatures.

Temp. Logistic coefficient” PrsF

) M k L

10 95.9+0.70 83+202 36+0.09 <0.0001
14 975+046 10.7+332 17+x0.72 <0.0001
16 98.2+0.59 6.2+094 17+x0.05 <0.0001
20 98.0+0.48 99+264 08+0.61 <0.0001
24 988+049 11.0+635 08+132 <0.0001
28 - - - -

32 - - - -

*The time course of germination was modeled using the logistic
function; Y =M x [1+exp(-k x (t— L)), where, Y is cumula
tive percentage germination at time t, M is maximum potential
germination, L is time scale (lag related) constant, and k is the
rate of increase. Data are means + SE of four replications.

15~20°C, Hil &5 25°CE, & AT HA,
2, Huex W= 2zt 37-7.9°C, 19.5~23.3°C, 28.0~
32.0°CoIth. Y] T8 2o FEHEHE UE Ao
2 goen 7z 38 FQ L5E = Aol A
2421 S T3 HRE AF = Aol

e Ao mE dolrdle] AFHES Tale 13
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olg-S HolA| ¥o} 28°C AITE gheE st At
319tk 54 2a, 2b, 3, 482 ol&3Il] FQ L2 X
APstaitH(Table 2). 7HA] &r& o83t A, B A

2.0
Beta distribution
154 ——— Hyperbola
: Bilinear
S
wn
& 1.0
o
~
-
0.5 A
0.0 T
0 10 20 30

Temperature (C)

Fig. 3. Three models of germination rate, 1/GRs, (the inverse of
time to 50% germination), for populations of lettuce. Data are
means + SE of four replications.
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Table 2. The cardinal temperature for 50% germination of spin-
ach seed using linear, parabolic, and beta distribution equa
tions.

) Temperature? (°C)
Equation -
Thin Topt Tnex Difference
Linear 79 233 28.0 20.1
Parabolic 9.7 195 29.4 19.7
Beta distribution 37 20.7 320 28.3
Mean 7.1 21.2 29.8 22.7

Trmin Topt, aNd Trma Were minimum, optimum, and maximum tem-
peratures, respectively.

A, B JH, 37 Hn &= 2 HF LR
Z¥z} 7.1°C, 21.2°C, 29.8°C, 22.7°C{tt. A3 (52
20} 2b)E ol8F A, HA, FF, Hier ¥ 2%
WMxk= ZH2E 7.9°C, 23.3°C, 28.0°C, 20.1°CHom,
34 T2 )E o8 A, A, HF, Hu 2
T 2 ewwdak= 7k 9.7°C, 19.5°C, 29.4°C, 19.7°C
o, WEk A das o8 Be, HA, HA,
Hil 2% 9 2EWeR= 24 3.7°C, 20.7°C, 32.0°C,
28.3°CHtt.

25e A AT IS 2 S d3sle 2d
o ARSE= AR WF F shue|th. Ede F8
LE@EA, HA, A 25yt gEd, T 2EE
& A=Y AR AEE, A8 2 s Akl
Z Q31 (Yan}t Hunt, 1999). B3+ 8 2%+ Fa7F
2RI (growing degree-days, growing degree unit)s 7
A= o] &HTHMcMasterst Wilhelm, 1997). o]2|3h
fraAeEE A5 7S oS53t o]8sa(Te
T, 1996), AR = @A)l uhe A5} $5F o
= 29 38 ekt ol 8E & Jth(McMastere}
Wilhelm, 1997). W&hA], =8 5= 7| FHSlAS] F
83 252 289 5 e Fo|th

ol dlol] glojx Y e HA 25E VIEe=R
209 2 9S4 Jedl, Craufured 5(1998)2] K
a0 wEW, | AES Hu %7} 198°CE o=
Aokt sith. A e HA 2EE SHleE
FA9UHoz HA 25 IA A BFHE F4e Hol
A QETHYin &, 1995). HT 5o o WE AE
Aol ¥k disl wWer 5= Frlske A7 X
I QdTk(Yin &, 1995). o]Xe] ¥ Hluste] HE}
e 2wkl disl] AAE F48 el F=
Aol QUth. B ATEe| o] FFE olgsta Utk
(Yan®} Hunt, 1999; YinZ} Kropf, 1996; Yin 5, 1995,
1996). Yar®} Hunt(1999)= 2§24 (germplasm) ZAR4
AL A S 2, 1FF o8 JE AL AlH
o A8d 4 Al skt
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