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AW E (Lactuca sativa L) & & EMAFT R O 93528 5 A MKRERGEABEIRLZ2EES
MIRE  PTAESGH M EERIETHE MR ERFNA MK ARSAE  CRMIIEZLSGEDWNE
Bk HERR AL A ER S EARRIFR TS ERE T E BRIGE AT - B (LIN)
Gopertz (GOP) #= Logistic (LOG) # X2k A x &k A B X > BBRREMAERFRZ 22 > £ REXY
R Iy &R R e e RIS F WA B AT AT Bk o AHFRARIEARH E 4 K F (relative leaf-growth rate;
RLR) FoA8 #f & Kk ik & (relative growth rate; RGR) 2 /€ & & B LR B A RAE X o923 354 - 24 LIN » GOP
o LOG X BB R Efmsb EmMe A ks EFEAMBE S BE R REBXBEOES
HE R AERE £ R Bl W R IR 2 B R OOBRTARG £ - ROT R AR B TR & A R
BR o SRER W R MO GL4E ¢ Ak B 427 S A EFE 382 3%« A FRIRL BB 474 3k Aw 550 3k 5 A 2017 S
Fo 2018 FF /2 427 SR 382 SR W B &1 4T 1 MA3KA - 20 2017 B 42 474 35 f= 550 3k w B &-i4T 1 Mkee > R
B 6 mEEHRE B R T AMEEE X BB BB - & RET 0 LIN » GOP f» LOG X % il M i o 3E
e LR F A R A EXNARETRERNNERARRABREREZENZENA ZE  BREX
1B S aFo b RAETHZ A A F MM RGR A= RLR #9484 % f LT MR AR A F 2K ao(T) 4 b(T)
FREEHMBE ZRZHMKAREENPE > ESEE BB S D AUREBEGTEALEGHTIE
(S) oMbk A REH > THAEHBESH o - RIE IR ERRARBSLHMA 10’ b R ' FPTHSFE
B X ) R AR A AL B R BBk L0y A RARR BB 1 Fy(t | d!, b, )~ Fs(t] @', B, ¢)aop F2 Eo(t | @', b, ¢)iog °
HARE 4 REET 0 A LIN f2 GOP R, A LOG X8 S /N E m Al A db L3R 8 4 B N4 BLaY T8
AN AEREFE & 0 A A BE AR AL R B AR LR A R SR AR R R R A 0 i A
89 LIN F» GOP #E R 7T # 4% sb 184 -

RASEE | AR~ HEAMS - GBS - Gopertz f#3 - Logistic 155 -

% %4 - EAR, 195 E B (Chen & Yang
o . o 200T) 5 BRI RS RO B
5 e 05 8 A (smart agricul-

wre) £y E G113 i - P e ey DRI - R ER R AR R 2 K
BB B T A Ry T WSRO B P (R
BUS (LU A IR RS - LT BORIEAL VAR | BN - R A RAME
FEPNEIB TS » BoHR RS A Y £~ BRUFI4SERE E % (Yang et al. 2016) -
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ERKEEREIIASSEREEEHHEENAR
RUSHEELZ — BEEH 2002 F5E
YRR TN AE IR A 7 R BR AR R T R Al R A
WA 518 > CEIIAIAEE RIEHFL
HREME SR RE RSN EEIRS EIM A EE
& FEERPEENGRER  -wF > & &
BE > BFE 1 AEEFE I HBEER 5
TSR HAR BT 0 2 2021 F£EEINH
FORAVAEER T B 42 H IR E 52 800 ha ~ EE
H % 21,000 Mg (Chen & Wang 2021) » [KJE
BERENEEES  REKBEANGKEEEE
BRI B L EHE ST BITEER
ENEY) A EEHE R ERE BRI (remote
sensing; RS) ~ £ FREN 24 (global position-
ing system; GPS) ~ #HFH &} 440 (geographic
information system; GIS) ~ B 5 £ 4 (expert
system; ES) ~ JRSRRIGE Z 40 Fo R BUE 7 i ik
HEAS % (Chen & Yang 2017) » B EALAYHES
BT 2 S A B e RS Rl - BIES BE R M
BAEAE B - A0S LB 00 ~ 5 & E 50
MRS HNE BB S AL 04 > DAL EER
K27 4B (Saiz-Rubio & Rovira-Mas 2020) -
DLHH RV Pk 5 R0 72 B9 B 67 A R SRV &
LB » ALK HEYE REXREE R AE
BT A G BRI IEHEHEAL > DAL SRR 3%
AR H UGS AV EE 3 i AR R A (McCown
et al. 1996; Jones et al. 2001, 2003) » HAJHEH
REHERIEY) 2 £ R EA K EA L (mod-
ular format) » % %& & (i 45 H {58 A1 8 1 35 #2
TEHIIEY) 4 B (crop system model) (Jones
et al. 2017; Hoogenboom et al. 2019; Muller &
Martre 2019) o (K[ - fEYHE AT B 4 £ A 75
SRRV BT W95 - A SRR s
B B BRI E IR - T B E R
A EEH R SCE RS RO AR - DI
Al o] R E LS BARERE RIBIZAE
H HENERBENFERKEME - REE
BRI - AlE(S RS 2 (LS BE
ATt AR B ISR i B R Y S AR
BR125E# (Parenti et al. 2021) - & H Al
BEGEKREEEXERENE  BEDA mE
H Al 2 5 87 B 2 18 17 5 B la R0 #7F
£ EBEAREEENHBEEELS - B

rere

]

1% H 1

e RV A R BIAT k1% G R ot FH & AR
F ~ RexErdln - EIHSHET E 2 TR EHEE
ERZFFH SRR -

SR TR A T T P R e B B R B B B A A
Ve RS B8y 2 88 ¢ PRI AL B A -
1% I A A Y JE F R S R e iR A RIBRE ) &
e A RSB Z I ek B RHE R AR Rl
SR aC sk B R Bl B EI AR R [E &
En PR B B RO MR A R 40 8% > AR
ERZEHIER » SRR E 4 R R B T 8
R R A RIBREAEZE (Paine er al. 2012;
Koester et al. 2014; Weraduwage et al. 2015;
de Bem et al. 2018) « &% B B 51 =X DL 5% 228 HU
HEPRE RACSERO M S T R B > FAE
2 B (R (R AR B il AR 4 AEL R [B] kB AR TR Y &
BHETTERES - Al R E Mol R BRI R AR &
- EAREBRKTENESIHEZH (Tei
et al. 1996; Shimizu et al. 2008; Fraile-Robayo
et al. 2017; Chen et al. 2019) - B 3EEE{EYW 4
REAEEARHEERER - BLAEEHE
RS RO - A A REFA R A REEN
TS - & i B A 8 B AU A =0 5 =R
& (models coupling) 2 # {6 F 0 SRS - 5
ABMENHAS ERG L ERFINERNZ
2 EHEEE T 0 &6 (combination) ~ ik
A (embedding) Flf#if (transformation) = &
A i 2 il DL 0 E 4H (Mischan et al. 2015;
Fernandes et al. 2017) » i A 0] F A 2 £
B A - B Y S R T 2 8 (Boote
et al. 2013; Tsakmakis et al. 2017; Morrison &
Cunha 2020; Beyene ef al. 2021; Shahhosseini
et al. 2021) » BT F 07 2 EE AR [E
e BRI A A A o B (Lopez-Cruz et al.
2004; Roux et al. 2014; Babcock et al. 2016;
Siad et al. 2019) - HAl » {FYIE RT3 252
2L FARAE AL (process-based model-
ing; PBM) 7&K T > (K45 AR BRAR Y S
JFREAE @R - ERELEXBERER
s B A RIAFERETE A (Goudriaan &
van Laar 1994; Buck-Sorlin 2013) » & & H 5] F§
PEEGWELE  BENEHESE L TER I
I 2455 2 (cropping system model; CSM) » 3]
%1 Decision Support System for Agrotechnology
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Transfer (DSSAT) %4t (Jones et al. 2003; Hoo-
genboom et al. 2019) °

A3 (growth analysis) 2 &EEY) 5
B~ SR RO B T R A A B R
B NERRFT » ek st A E R =R R R
Ry HE R - &EERIERAZEERER
BRIVNER - HrE IS B KOS R
EHAREE - FriE RO EREEKRER
FIANEEEL - HENER T EARERE
RRIENEGE  #EUFMEERERERLE
BN ERRRHIRRRRAE  EEEEA
6 0 M R (relative growth rate; RGR) »
FHEEE A= £ (relative leaf-growth rate; RLR) ~
BEMTELL (leaf area ratio; LAR) (Radford 1967) ~
7R[E{B# (net assimilation rate; NAR) (Williams
1946) ~ ZEHEFEEE (leaf area index; LAI)
(Watson 1958) FlUgFEFE 8 (harvest index; HI)
(Bhatt 1976) 55 » 5 2b/E R AR 2 B 4%
B A R A5 0 3 i EE DR P B B (Brriggs
et al. 1920a, 1920b; West et al. 1920) - ZE DIE
YTt G 1E FE bR b &P CRIE R AR &
RIE - tEEY T EEZAYE (w) IR
A& R EBERAVEEERI (endpoints) » ¥R
K% (RGR) 24V & RRARNERIEE -
AR MERR B & YR AR BReR

RGR = 1/w - dw/dt > (1)

Hip e RorEREFH - BHE > HRER REOL
HHEEEREEEaEMERENRER
o ERMBERTFEAGHE LG EYAIERK
BeR -~ pECHRER > HEELERE RLR) 2
R (A) RAERAVIER -

RLR = 1/A - dA/dt > (2)

it RLR % RGR HEENH (% > BT AT3REHE
FESE & FE) 53 BE S B A 4 B R (Potter
& Jones 1977) - #{&#% RGR A1 RLR [ fE] 4
SRS L) B B € BRI £,(0) B2 £t 0 5
(1) FI= (2) 143 I B At (3) FIak (4)

In(w) = [£,(t)dt 3)
gl
In(A) = [£,(t)dt - 4)

RHEY)EME R B E R U B E
fii=t 3) M= (4) > BIFT @ H B LEYE
FEE AR AT AR R AEZ In[w(t)] I In[A(t)] 5 #
T2 (0 M) TRl EHEBLEYEE
HEEREAXNTIGRRER - ERTZ HArts
1 B 1] i i€ #& (Fakorede & Mock 1980) »
2 (1)— 20 (4) Heos s Ry R B (5 - fLEREA
A RIBIEAE R A BRI AV ETE ) (Tei et al.
1996; Shimizu et al. 2008; Weraduwage et al.
2015; Fraile-Robayo et al. 2017) o | 3t {{¢
RGR Jz RLR Zf&4E Y &R g4 R EXD
B EEEE R F B () B (D) 2
B RS B$E (Pommerening &
Muszta 2015) » &% s BHE R AR RARRATA R
i B RGR A1 RLR Y &f & {7 7= (Hoffmann &
Poorter 2002) » Wi 2283545 £ (t) B £, (t) HY %8
FIPE  Rees et al. (2010) f5 4} RGR HHE Z 1
RN E R & R DI R
F7 AV O BRI A 0 Gibert er al. (2016) 5k
LIgE &4 (meta analysis) 5 miE IR (A3 5
P& E% (ontogenetic stage) A~ [F]JF RE A1 A= BLR; {2
HAERERIFZE > 1 Gent (2017) 1E7 2= &
BTt iR 0 RGR BLH I8 -~ F0H - 1R
SR 7 R S B IR N B AR - (Rt - 2
R [E RGR K RLR A8 58 24 ol 8B RS
YEREXZ ZREAEAEER - 20T
BRI AR YR -

Al SefiEER s EEREAXNEN
M BB S BRI ZE T R BT e i
Moriyuki et al. (2018) BiERFE BERFEEE
AEEHEANE RO EEAEAE R
AT BB AH DAl g R R B ALV A EE B
285 Chen et al. (2019) =5 & H BHRH HIFOR
Ry BEEEK (leafy head) E &M EXAT » P
ZREHEHNEMHREREEE - K410l
(linear regression) 2 f# &% B Y &5 B e 5 (9 2
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& [ = 5 Carini et al. (2020a, 2020b) LK [H]
B EI S EEEABER - RBEHEAIL
SYN R » thEER A F i N E RV E 2
7= W0 PAST Ew A [FE R =CHY 28 A 1% Breure
et al. (2021) 25 8 1 98 14 8 HY 2 [ 6 B A i HH
HESEERNERESR  DGEENEERES
(linear-mixed) 158 =& A 1 558 145 (Y 22 [if] 8 52
M BEEHEERNERES - 25 D
I 5¢ DARE ik 28 2 38 6 4% 1) f5 B B (Bindraban
1999; Boote et al. 2001; Yin et al. 2003; Boote
et al. 2013) » $EHELEX S EHI MG ERIEF
e B 7 B TOMIAYAERE RS 5 PR R R4 A UL AR 2R
HAKBEENES L - WIFtEEYLEE
BERBAEFNEEWR  MEMEEEER
HE B4 R WAFERELAEE
7 o7 Bo 3 61 A BE A RN 2 AR E U A HY A
. (Asseng et al. 2017; Fraile-Robayo et al.
2017) «

JAAITEARSEH (Chen et al. 2021) » REX
CHHEGEEKEENAREHEEE R
PLA: R oy M A AL R A B BHAS BR i B RV A4 &
2 RO MOR B CVRR: > RN E S
G EVH EEMIE (source) - i A E 4
RUIEEEMEVHRKERELEEY A
FEERERE (sink) o ABFFLIREEBR & B A4 BK
A= M R ELRE S (Scaife 1973; Liao et al.

1% H 1

1993; Jenni & Yan 2009) - i FE# Y& G2
) 1Y RGR FI/PEEHE AN RLR 53 [l ZH AR [H]
FER A B R B4 ok B £,(t) AL £, (1) - RS DAHEDE
R FEEZE RSN EE BN A RER I
ERFHEREECAE @R SR 7
HETH B EIE T - DS R EEER
[ 72 S HH & 8 BRI (R 14 28 A PR AR R AV S
w7 -

Mk 7 E

A EEREER

AW FE e B & A R BRI E
9 - B HH & st SR A — s R A A B 427
SEAIA BB 382 5% IR EFRMBEANLE
F% 474 SR 550 5% 5 i1 B B 427 5% H & &k
a2 LA M R T NEEEE 382 5%
H B A R B A g L%
B 474 55 /1 550 5% M & @ 0D 5 45 ROl A R
EHELIN TR ANEBEEELALE - KAHR
53 BB 2017 £ /1 2018 £E £ 427 55 81 382 5%
HH& & #1771 BAEER - 12 2017 477 474 5541
550 SR H & & 1T 1 Hiathe - Jhqe ks 6 il
EitE o HEBIIRRNER 1 AR o S4B II(ERH
Z RS ERAE RS E Rk B U & R
T 3 240 (https://e-service.cwb.gov.tw/Histo-

F 1. FEEART 6 AR ERbnEnl 2 slBR & (427 ~ 382 ~ 474 J% 550 5%) ~ #ebs HAE FORS AT -
Table 1. Summary of experimental sites (No. 427, 382, 474 and 550), cultivation dates, and temperature indexes for

6 datasets of iceberg lettuce used in the study.

Date (yr/mo/d) Temperature ('C)
Dataset Site (No.) Transplanting Harvest Toi T T, T-index™
Modeling
M1 382 2017/02/06 2017/03/29 16.1 19.9 17.9 21.7
M2 474 2017/11/13 2018/01/04 21.5 17.5 18.9 14.8
M3 427 2017/12/06 2018/02/02 16.6 16.0 16.5 15.9
M4 550 2017/12/16 2018/02/13 16.8 13.0 15.8 12.0
Validation
Vi 427 2017/01/27 2017/03/21 17.2 19.4 17.6 19.8
V2 382 2018/01/19 2018/03/15 16.4 19.5 16.9 21.0

“ Mean temperature of the first 2 wk after transplanting.

* Mean temperature of the last 2 wk before harvest.

* Mean temperature of the period from transplanting to harvest.
“T-index =T, + (T, — Ty,
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ryDataQuery/index.jsp) » £EA& By T E ML —
Z Mk (23.4067°N, 120.4089°E) &5 &7 )M k5
(23.7555°N, 120.3189°E) Y 15 ~ &=l
BORE R BRI E40H - HoERET RN
Ik (23.4959°N, 120.4329°E) Y H 2 & H @05
ok o mBAE 1 - SelBEREEREE
i Ry TEA 65, T RIERESEEE
ARAE - SEEKRNERLCHIERERE @ #
B~ BEEEERSEAL (IR ~ 5~ BE) 8z -
B REERLE T-10 K (d) 4 HIEFEH
PREE 5—6 HAETE (plt) » EMESHRSHE « 1]
B 77 B SEBK 2 JE fE 1% KB (days after trans-
planting; DAT) » 47 [5# 50 §% f& B 4 2E [ F& A ZE
Kfeth N IR - KFHB RS 2 AR X
HNERFFHIT - ZERFBAHESE - R P
AhEfE AR LS dh B EE R Y 2R
RERIEMALE - FHREKRIRTFI TS
F P E S R R R o T (LI1-3100C,
LI-COR Inc., Lincoln, NE, USA) » &7 &M
HEEEN BN EEEAE T E - T DUEE
JIEEER PR RE R EERR UG - (S0 2 1A BE 1 i 4
R AR 2R F R

AT ¥ 2 FH R &5 K e 5 Y AR = oy A RS
AALEHMEE R 2 £ FHEER » 2B TERE

= (106 EF} -18.1.6-E-C1 ~ 107 EF}-14.2.6-
B-Cl) EAMZWIFEE  WHEHERTH
i Z 7 N B & EIT IR i R R B 04 -
et AR E AL 8k U AT - Ry (el
B A E RS AT 7E 5 & 2 A28
i LA 6 4HEVBR BRI IR IR AL = i SR EC B R
FURBAIT % 1 FOBFF 8% 2

EMEREZEI

Augeia (1) izt (2) B - BEAOLE
Y BCHY AR BRI o AR E A RIB
12 RN HOAY S BE T AE A3t E0RZ 2 7y 1 e
Rt G EYIN EEMRRER - S B
FER SR H 2 H i E E (Tei et al. 1996; Shi-
mizu et al. 2008; Fraile-Robayo et al. 2017,
Carini et al. 2020a, 2020b) : EHE £ EAI4EHY
FHEUR WA R RN - 2 g iR miR B
HE PR EEEIER > F0L S P4 (sigmoid
curve) « R - F2HIDL T RLR H1 RGR S8t
N 3 FERF R R B (O f(O6op H (1) 106 *

() =a— bt~ (5)

f(t)gor = a exp(-bt) (6)

EZ B GREGERATNIT 20172018 G A
40 250
s Precipi. == Daylight Temp. == == Max. T = Min. T
~ 35 -~ ]
E P ™ - || {200
= 30 - o N 7 O
c - 4
_g —e - \ % P g
S 25} - <
2 m 1150 :;
o — =
g 20 // y g
5 "] 1100 §
—_ [
@ 15 - =
s 10 -\-_ —
€ 150
e sl
Ty W, W, Y, Yy Yy Ny 0y 0y
Ry Ay oy im An e % W W
Date (yr_mo)
1 R ERBER A RGN 2 PR - HIRIREN REERE -
Fig. 1. Monthly average temperature, daylight hours, and accumulated precipitation during the growth periods for

the experimental datasets of iceberg lettuce.
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()06 = bla — exp[F(D)]} (N
Heh 2% a 1 b BE1 £ RLR 5 RGR EHi#H
Hy A EER BRI AR - RN R R ARG
SERRIFATRE > F() REB(LERBA - &
HIf8 In[A(1)] BHZE In[w(D)] - {20 (3) Ik
(4) 2SR > s ACAEL (5) ~ K (6) FI=t (7)
BER oy ORAEAT

F(t) n= (-B/2)t" + at + ¢ ~ (8)

F(t)gop = (-a/b) - exp(-bt) + ¢ €)

ol
F(t),06 = In{a/[1 + exp(-c) - exp(-bt)]} » (10)

Hh 28 c BESANER GRS > &
HYRFERERAEAR - T B ERERERX
HIHMEEEE RS -

Fate =0 (9) A= (10) 73 A HE &y Gopertz
(GOP) #1 Logistic (LOG) #x{ » W& & & S P
dhar - 2 HATRE A REZ (Zeide
1993) ; LOG # 5 & B L & & (autocatalytic
reaction) PR - SZHfRE/C A5 BT 5 GOP #E U
SR H S B A AN R 0 el R R R Y AR
iR RO (Amer & Williams 1957; Rich-
ards 1959) ; = (8) 8 Fy — AR MER L (LIN) »
£t % RLR = RGR £ & i 24 i = A5 [ B & 1%
fil > B ER A BB REREE > 21
[&)Z i R R R 2 R 5 & B Y A
A5 BRI B4 (8% 3) -

BB ENIEFRE

KI5 E BT BB S EAE RGN
RIES NIRRT R - T ERE REREER
AP S BRI [B] & iR s i A 2
R {1 (8) ~ 3% 9) AR (10) © B2
a1 b R RPN RIE S (LB 120 c
RESHE R EHZEPEEKRERNKIE
EL45 (baseline) » 285 a F1 b 7] 73 Bl LR HE AR
(T-index; T) HYSRMERAEL a(T) F b(T) RRATT

rere

]

1% H 1

a(T) = a, + B,T +,T° (1)

il

b(T) =a,+ B,T+yT> (12)
Hep B ERB a, ~ f, >y, Moy, ~ By~ y, FIEE
A] i 4 4H A b E R E R AR A [ (8)
= (9) = (10)] AT ESE a F1 b (R 2)
¥ 1E & 4H B RHAYR S R T-index (£ 1) 0 DA
GRIEEIER TR S THGE - BIREEHRE
(S) HFH SR AY T-index = Ts X AL (11)
1z (12) » 5HEHY a(Ts) #1 b(Ts) » B R &
FHIMRE (LM E 2 a' = a(Ts) fl1 b’ =
b(Ts) °

S c B GEE MK 3 EEAE [
(8) ~ = (9) M= (10)] #F o' F1 ' LA - (ELK
FHIE S WA BE BT EaT ¢

Fy(tla', b)) = (-b/12)¢ +a't+ ¢~ (13)

Fs(tla', b")gop = (-a'lb") - exp(-b"t) + c(14)
gl

In[Oy/(a’"—Og)]=a’'b't+c> (15)
Hrr Oy = exp[Fy(tla', b)iog] © T—2H » KHE S
HIEE AR EHZE A RAC AR EUE {In[wy(t)]
B¢ In[Ag(t)]} » LA Lo(t) o » BIER (13)
= (14) FM=X (15) ZEJIHY Fy(t | o', b)) THAA
Ly(t) > fic 3 TN 0] 53 RISt E AL & dh 4 i B

LPRISREEL ¢ W28 ¢, RAT ¢
Com = Lo(t) — [(-b72)7 + @' )] ~ (13a)
¢;or = Ls(t) = [(-a'/b") - exp(-b" t,)] (14a)

il

CiLoG

(15a)
= In{O4(t)/[a"— Os(t)]} —a'b"t; >
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2. DL4AEEREENERIGER (% D 2 BIERLME (LIN) ~ Gopertz (GOP) #l Logistic (LOG) f5z{
e Z 28 a 71 b > FUUEEAE R (RGR) FIHEEEAE R (RLR) AYRF TS f(0) -
Table 2. Estimated values of parameters « and b by fitting linear (LIN), Gopertz (GOP) and Logistic (LOG) models

with 4 datasets of iceberg lettuce’s growth curves (Appendix 1), respectively, and determinations of relative growth
rate (RGR) and relative leaf-growth rate (RLR) in functions of time f{t).

RLR and RGR in functions of time f(t): model types and parameters

LIN* GOP’ LOG*
Dataset and site f(t) a b a b a b axb
M1 _382 RLR 0.2029 0.0028 0.2203 0.0208 6693.500  2.639 x 10” 0.17664
RGR 0.1695 0.0016 0.1699 0.0113 49.579  3.078 x 10° 0.15260
M2 474 RLR 0.2119 0.0044 0.3624 0.0576 3000.000  4.098 x 10” 0.12294
RGR 0.2087 0.0036 0.2792 0.0356 56.000 1.702 x 10 0.09531
M3_427 RLR 0.2155 0.0039 0.2629 0.0390 2695.400  3.869 x 10” 0.10429
RGR 0.2068 0.0032 0.3246 0.0372 28.236  4.676 x 10 0.13203
M4_550 RLR 0.1960 0.0032 0.2302 0.0317 8338.000  9.049 x 10° 0.07545
RGR 0.2280 0.0034 0.3623 0.0368 46.314  2.345x10° 0.10861

() =a—bt.
" f(O)gop = @ exp(-ht).
* (1) 06 = bla — exp(F)], where F = [f(t)dt.

Forfr Og(t) = exp[Lg(t)] » 1M ¢, Fom 4 & i 47
B PRI B R A BRI E B4R (base-
line) » REAFLLLH BMFHEH B E 2%
¢ IAFRZARBER ZHEN R E Y
BHTEIESE
¢'=(Zc;)n > (16)

Hrpn B4 RHGHILCEREE  HIE 3
=AY ¢ AHRAR (13) ~ =0 (14) FI=X (15) 1Y
G228 cH Bl 5E R 3 E A FRHE
S H M S HEEENE : Fs(tla', b, ¢
Fy(tla’, b', ¢")gop il Fs(tla', b', ¢")rog °
(eIt By

AW FEHE H DURSE 2R 5 0 5 488 1 B 2 o 83
REREKBELARZER - FEOE 2 Fr
o MERIERR ARSI 6 dHAEER S B A E e
Sk oy B AE (modeling) H1EgsE (valida-
tion) FIHELSY > 4 4HE K (M1_382 ~ M2_474 -
M3_427 f1 M4_550) RSB > 2 40
BE (V1_427 F1V2_382) N EgREBE - B
1 /12 (Steps 1 & 2): DA 3 fel RS 7 B R ok 8 X
(5) ~ = (6) F1=X (D] B AL EIITHIIZ O

% RGR B RLR » K€ £ 77 RS H {0y J7 12
YT AR (=0 (8) ~ F(9) FI=C (10)] - Bl Ay
LIN ~ GOP #1 LOG %5 3 féE 5 = - 0 Bf 3 f1 4
(Steps 3 & 4) : DL 4 4HEAALE R 7 HIER 3
HEAKE 28 a - b M c> 28 aflb At
4 RSy HTERBH RGR Al RLR fyEhREE 1L - S0 B
5H16 (Steps 5 & 6) * ¥ 4 4HB L E RIS #
a fl b ¥} & T-index (T) &Y &3 1 ok BB 5 a(T)
FIB(T) [20 (1) FOx (12)] » BLAR PRI EROR &
TH{HRE > B EEEEAFEDRE T RGR 1 RLR
HIENREEL - 0B 7 A1 8 (Steps 7 & 8) & LS
FIEERHIE S 7Y T-index = Ts fLAZ (11) A=
(12) > EEHBESH o Fb > HFEEEL
BB EOR In[ws(t)] B0 In[Ag(t)] B ARE & B
e [0 (13a) ~ 3 (142) A1 (152)] @ FHRE
(16) stEIHEESH ¢ -

% FyhEsl bl (B0 BR Y T AT 1%
KA EEEET Z AR - AL & 427
SRR 382 SEHY 2 4 [FRFE R (V1_427 Hl
V2_382) #{TEgEG o ik LAUPER T A1 8 o AE 3
TR AR & A RAEBER B F ) o(tla’, b, )
FIFy, ssotla’, b, ¢') > WLAFIFEEEER A (mean
absolute error; MAE) f{1¥5 57 (mean squared



Two datasets for validation

Growth curves of w
and A for validation

V1: site 427_2017
V2: site 382_2018

Determination of site-specific ¢’

c(t)oc = In[w/(a’ — w)] or In[A/(a’ — A)] — [a’x b't]
c'=[zc(t)n,

a(T) =a, + b, T +g,T

b(T) = ay, + byT + g, T

Coefficients, a, and a,, b, and by, g,

and gy, are determined by regression

with estimated values of a and b in
model fitting versus growth period
temperatures (T) for used datasets.

56 BEEENTE HT1E B
(Step 2) ) _(Ste'p 7) ’
Growth models Coupling W|t_h a's a(_T_), b’=b(T),
and site-specific ¢’
Modeling dry weight (w) N
and leaf area (A) 4
Linear model: F(t), (Step 1)
| In(A) = at — bt? + Growth analysis
Gn(w):z " ; | aFm ‘ . y (Step 8) N
ope moael: .
In(w) o In(A) = (-alb) exp(-bt) + ¢ '79% RGRand RLR in
Logistiomodel: Fithoo v functions of time f{t) oft)un = In(w), or In(A), — [a’t, — b't?]
In[w/(a — w)] or In[A/(a— A)] Linear: f{thu = a - bt c(t)oop = In(w), or In(A), — [(-a'/b") exp(-b't)]
=axbt+c Gopertz: f(t)sop = a exp(-bt)
Logistic: f(t).oc = b{a — exp[F(t)]}
— where t; are measuring time points on growth
F d t(Stetp f3) deli Fitting (Step 4) curve for a specific site; i= 1, 2, ..., n.
our datasets for modeling Model parameters
Growth curves of w and Estimation of A
itti Step 6
gicqmotcliiting (Step5)  parameters a, b, and ¢ (Step 6)
M1: site 382_2017
M2: ::t: 474 2017 In terms of RLR and RGR, parameters a and b I_ aand b eXpre_ssed by
M3: site 427 2018 are related to physiological regulation and will be temperature T-index (T)
M4: site 550 2017 influenced with climatic conditions and cultivation
— management. |—
Parameter ¢ is an integral boundary and dependent
upon a specific condition of experiment and site;
however, ¢ will be obtained by extrapolation.
2. GEERMES EHYAE R HTELR [E RS SR R S L HH & 8 5 R b R BRse e e -
Fig. 2. Procedures of modeling and validation for growth analysis of iceberg lettuce and use of different models

coupling with temporal changes and farmland variation.

error; MSE) » (i EL# A [F) #8 =0HO 8 & 8 BE T
HEFERE (Walther & Moore 2005)
MAE = 1/n -

Z[F(tla’, b', ¢) = Le(t)]  (17)

il

MSE

=1/n - (18)

S[F((tla’, b', ¢') = Ly(t)]"

Hep t B RIMGAVACEEIFERL - Fy(tla', b, ¢)
EEBETEMIE - Ly(t) BERLHKAVHELE
HME In[wg(t)] 8¢ In[Ag(t)] 3 M PUNE AR IE
Rt & E 2] (Akaike information criteri-
on; AIC,) 48 & BUBEH AL F (goodness-of-
fit) $54Z (Hurvich and Tsai 1989; Rossi et al.
2020) :

AIC = [n - In(MSE) + 2k] + 2k -

k+ D/(n—k—-1) (19)

Hop {REREGEOR V1_427 1 V2_382 HYERE
REEEERE n =5 BRSEABUBEE
Ha bR E3HSH REL=3"

RS EE
4 REHRAVENER

3 Ry &SR E B RN EE T R U BB
HHEAER 4R - ZHERER LIN « GOP
1 LOG HEZN A 2 (r 8L ° > 0.94 H B K4
P <0.005 > FR3EENXNERIHGETH
BT ER I (DAT < 60) &5EK & BN E
EEN 4 RE R - ZAM > FHE LIN fil GOP f5
= TR A RATH (DAT < 30) LOG 5=
HIERCHh 4R A B R 5 1 BEBUHIME > A 3 &
R IMEE DAT = 0 (ETE 2= SR » THAE
M2 474 ~ M3 427 fll M4 550 40 &R EE
FFMEE K o [B 4 4Bk E B a2 E HE
{EEUHE SR 47 - S4B R ER 3 &
Y 2 > 0.91 HEEZE/KHE P <0.005 > 86
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© Observed
LIN
r=0.9916 (< 0.0001)

S

GOP
/= 0.9908 (< 0.0001)

A\

LOG
r#=0.9832 (< 0.001)

o

O Observed
LIN

#=0.9938 (< 0.0001)

GOP

L = 0.9875 (< 0.0001)

——— LOG
#=0.9483 (< 0.005)

1 1 1 1 1

Logarithmic leaf area (cm?), In(A)
[e-] o

(2]
T

© Observed
LIN
r#=0.9783 (< 0.0005)

——— LOG
P = 0.9428 (< 0.005)

O Observed
LIN
r*=0.9848 (< 0.0001)
—————— GOP
r#=0.9902 (< 0.0001)

LOG
= 0.9403 (< 0.005)

1 1 1 1 1

0 10 20 30 40 50

60 0 10 20 30 40 50 60

DAT (d)

3. B4R (M1_382 ~ M2_474 ~ M3_427 J M4_550) 2 &5B{ 1 E BUMRIMEEHIR (cm” plt") HSSL(LER
Ko 3 FRAYERCHI4R © 4314 (LIN) ~ Gopertz (GOP) il Logistic (LOG) = #* Fm HEHE » FEIMABER T

B KA o

Fig. 3. Logarithmic values of iceberg lettuce’s outer leaf area (cm’ plt") in the datasets (M1_382, M2 474, M3_427
and M4 _550) and the fitting curves of 3 models: linear (LIN), Gopertz (GOP), and Logistic (LOG). »* denotes coeffi-
cient of determination and the significant level is denoted in parentheses.

A A ERC i 48 1A RO R B R AR Bk
EH BB EREE B R ILRE
K1 R EIE & H R B 22 A R
2R 3 T ZUBIE R M1_382 1 M3_427 Y7
Fe AT - HERC i 43 S HE 1Y WY) & 78 f
& {H LOG 5 =X #f & f M2_474 f1 M4_550
B 78 I 1 A BH BB R A > Bh4S 8L LOG B E
Fic /1 S5 i FE 4 R BRI e M R 2 B — 3
(Il 3) -

Tei et al. (1996) 7£ FHARIZE C45 H LIN
GOP 1 LOG %5 3 FlMS = » & 7 28 F A 4 2t FH
kR EN A R4 T H GOP =)
M 1 B i H. LIN 55 2 59 488 & 7 15 35 ) 1

A B 1 B B (Scaife 1973) o Carini et al.
(2019, 2020b) F5 Ht GOP F LOG & = )i =
K B0V R M R4 > LOG 5K
HEEHERNE RERA RERIK > LOG
AMBHESCHEE e A RIS B EN A R
it (Carini ef al. 2020a) - H[E 3 FlE 4 Y45
A1 > DL 3 FE B e U 45 TR e 1 4/ TR A A 3
EFERENERMGEEEAN  B8EER
SN B 7 S SRR (R A B P A HH W 7 R 85 72 S
B(F 1B 1) IRTRER & 3 MBI AT
M o ik S TP REA LB R IEAIRF &
(Brisbin er al. 1987) » £ ERI4C R4 B H
EEREE SRS RIANVATEIGEL » B3 fE
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B71E B

M1_382

g Observed
LIN
r*=0.9829 (< 0.001)

—————— GOP
#=0.9823 (< 0.001)

LOG
12 0.9862 (< 0.0001)

M2_474

o Observed
LIN
#=0.9876 (< 0.0001)
------ GOP
r*=0.9904 (< 0.0001)

LOG
#=0.9116 (< 0.005)

/ —

M3_427

Logarithmic dry weight (g), In(w)

O Observed

M4_550

O Observed

of LIN LIN
#=0.9992 (< 0.0001) #=0.9963 (< 0.0001)
______ GOP ---—--- GOP
2r 7 =0.9973 (< 0.0001) 7 =0.9977 (< 0.0001)
S IOG — — — LOG
/ 7 =0.9999 (< 0.001) 7 =0.9600 (< 0.001)
-4 L L L 1 L L L 1 1 L
0 10 20 30 40 50 60 0 10 20 30 40 50 60
DAT (d)
4. HAHEER (M1 382 ~ M2 474 ~ M3_427 F2 M4 _550) z#ﬁzﬁ**miﬁkﬂﬁﬁﬁ@aé (g plt") AVEIEUEZERE
Fe 3 FEREAVERC 4R © 4314 (LIN) ~ Gopertz (GOP) il Logistic (LOG) « »* FyRILE GE# - FEIMNEERR
BIE KA -

Fig. 4. Logarithmic values of iceberg lettuce’s shoot dry weight (g plt") in the datasets (M1_382, M2 474, M3 427
and M4 _550) and the fitting curves of 3 models: linear (LIN), Gopertz (GOP), and Logistic (LOG) P denotes coeffi-
cient of determination and the significant level is denoted in parentheses.

FATE B IR R BE T - AT DA 3 R T
EHEANEREREENE RIS - A kE
1% P ERE IR 1 # 24 DL GOP Y R 1 2R %2
et o LIN 0 H 0 LOG 5 = Y R 28 3% 1
4% (Winsor 1932; Richards 1959; Cao et al.
2019) » A [ =R 2 22 52 B 25 4H E RHRF MY
HHRELE R B A UERC M B8 - B &4
BRORE AR ET MR E E(E (B 1) F T-index
(F 1) #FH > M1 32 A FIPRE K& @ A
THEIAE B RTE: (DAT < 30) A4 RARIEHENE -
WA ER LOG = » iff M2_474 1 M4_550
BHRE SR T FHIIA FRTEL (DAT
< 30) A RAEFIEMER - BUEGER LIN f

GOP 15 ; It 4E BRI A E PSR A s &k
015 5% 43 #7 (scenario analysis) » 7 1] $g i 35
RSB 2E () -

L RIENSEEE RGR fl RLR £ &1

2 HEHBERN N ERBE MM Lz E
ER3EHEAGEENSHE o f1b > LIN L
IS % a 1 1Y 0.1695-0.2280 > (i S %L b 1 1>
0.0016-0.0044 > M1 382 ~ M2 474 fl M3 427
FLNINEIESE a F1 b & 53 B R L35
W E S a b [ M4_550 (YN EE TR S S 80
a {1 b 5y RN B2 EE S8 a R b 5 GOP
B2 E a /ML 0.1699-0.3624 > S8 b /)
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J£0.0113-0.0576 » 4HAI M1_382 fIM2_474 Y
HNEETES B a b B R EE Rz ES 8 a fl
b {H M3 427 F1 M4 550 (Y YN EEH FE S 8 a
b AN HE L EZEE S % a Rl b 5 LOG 2
HISEIRIE (a x b) /11 0.07545-0.17664 » 1
A ST AH A M1_382 F1 M2_474 (5N EEH RS £
HaxbB R EHEESHax b H
M3_427 fl M4_550 (AN EE RS B a x b Al
AN EEE E S8 a x b o DL EARFEISHBIE
B 3 fEE 28 a b a x b YR - TEE
B | fn S4B RAE S SR E (T,)
AR FE 45 12 (T-index) A > H H4H 7 M1_382
Bl M2 474 § T, F1T-index #5755 » M4_550 £y
T-index B B {R (K > iff M3_427 B0 % R 1(b
J& > PR BT T, 8¢ T-index 5 AU 4H
AER > 2RI EEESE o F1 b KA L
HZEEZ % a F1 b A -

ficig=t (5) ~= (6) F1=k (7) - RAZ a1
b BIVRT 35 B 45 Bk 5 5 4B B HARS RGR 1 RLR
HySE B8 2L > B LIN A1 GOP i » &% a
RFEEMHEH (DAT = 0) HY#E4 RGR = RLR >
ifi LOG Ay L #5 RGR ¢ RLR HI/Z 2% a
x b i 3 FEBL A AT 2 8 b F2 8 RGR B RLR
W8 1 B 4 R Y B 2R R RS A (Madariaga &
Knott 1951; Chen et al. 2021) - &8 a f1b %2
RS LmEE I ERESE « KN
WazES B o HEFERATINEERES
6] RLR K> RGR - [ HAMNEHESE b oK
Frib s B S8 b o Al RLR AY 3R R R K
> RGR » £ £ £ 1% 8 7] §£ RGR A J* RLR >
WL /M EEFE FEEE (LAR) {8 =38 R % B L%
(NAR) &iEN - KA RINE B CEEY »
HWMAHFI M1 382 FIM2_474 » B T, #l T-index
WEE - MK B EBEESE «/NAH L
W ESH a > ERE RATHEE RLR /NP
RGR - [ HAMERE 28 b /N EEEZE
S8 b > RLR BYIE B % /N> RGR > B2
LAR ¥EH4f NAR FJREEIRIR > BUENEEY)
(Y EAE AR 4R B M4_550 ) T, fl T-index
BN o Rie R E R M R AR E R R
RGN EZ B - EAFEWRRE
DLA ERE H # (growth degree days; GDD)

HUEE 1% KB (DAT) » AERC GDD ¥y
AREATEEBEESENERELIE
A RFE (Scaife ef al. 1987; Tei et al.
1996; Carini et al. 2020a, 2020b)

BEEIVREINES

5 Fim By £ 4 E RHERC LIN 71 GOP 55X
28 a f1 LOG A28 a x b (3% 2) HIE
T-index (% 1) Z {4 > LIN XAV % o $]E
T-index 2 E 4% 4% 12 1% i ([ 5A) > GOP 5 5
(9287 o ¥ E T-index 3 8 =5 2L 38 & dh 45
(& 5B) » LOG =Y 2% a x b ¥ T-index
EHEGIEY (B 5C) - & 6 AlE 3 2%
b ¥t JE T-index Z Bl (% » M EE 0 fR B3t | 062
HERNEREMEATZ2E b HE T-index /Y
EEBBAET > B 2R RS o
= > 3% RGR fl RLR 7 S8 55 5 8 £,(1)
B f,(t) NS 8 a 1 b 2R EREHA
HEAEIT - BURSNERIBE A FE e E R AR R
BE A SR > BERM AR AR
RS B E RN ER AN T ER R R HE
HEFERITE R 2 A -

AR HNEE SRR (B 2) 0 H
o BR S A6 K=t (11) FI=C (12) BRIEAZ
% a F1 b #f FE T-index 7Y BH £ B 7 (& 5 1 =
6) > Frfg 2 iSRG 2 a(T) F1 6(T) 7] H
EERESH o F b B a(T) F1 b(T) AR
EHE () B a’ F b’ 235 S ER 22
FE4) 40-80% - & R S U EN R B o £ A
PRSI TR S8 e M b 5 EHE Y
FHVBEE KRR P < 0.1 DIBEESFI6 {5
HHa28a b NiREHEERYE > 55
T NI 92 BRET B - Wang (1960) FEf5
BAIE 18 Ly RER O R ERBENETE
V& B B T L REAERA - 1 BLDA H 5908 4T ]
TN RES(ENARE ) 25 EPNVEERERE
SEME R R R > WEEDTEN 4 £ HE
AR ZERE S - 12 e R A TR Pk B e il A
A REE R IR B B ST (Grace 1988; Ritchie &
NeSmith 1991; Hatfield & Prueger 2015)

EMEEARIVE 5 EEEES
AU FRREXBESEFVTER T8 ([
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5. HeHEERER (M1 382~ M2 474 ~ M3 427
Je M4_550) HUH B LA5ERE B/ MERI Mt L ETEZ
5 S RIBER (A) &1 (LIN) ~ (B) Gopertz (GOP)
F (C) Logistic (LOG) B HS28 a Fl a x b b
SES LRI (Tindex) 2l - 7 ZRAE
%o FEINA PEFREE KA -

Fig. 5. Modeled values of parameters ¢ and a x b in
(A) linear (LIN), (B) Gopertz (GOP) and (C) Logistic
(LOG) models fitting to logarithmic values of iceberg
lettuce’s outer leaf area and shoot dry weight being in
relation to the temperature indexes (T-index) for the
datasets (M1 382, M2 474, M3 427 and M4 _550).
denotes coefficient of determination and the significant
level is denoted as P value in parentheses.

B71E B

0.006
(A) LIN
0.005F O Leaf area
o O Dry weight

0.004 -
0.003 +
0.002 -

—— bvs. T-index
0.001 1 b(T) = -0.0054465 + 0.001204T — 0.0000393T*
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6. SEAHEEREOR (M1 382~ M2 474 ~ M3 427
Fe M4_550) BB B LA5BRE B MNERITE Kt b EfEZ
= 7 RIERL (A) &1 (LIN) ~ (B) Gopertz (GOP)
J% (C) Logistic (LOG) S HUG2 8 b LIS ESAH
SRPEFEIE (T-index) Z B4 - ¥ FRIVEHRE > 750
Py P EFRITBEE K -

Fig. 6. Modeled values of parameter b in (A) linear
(LIN), (B) Gopertz (GOP) and (C) Logistic (LOG)
models fitting to logarithmic values of iceberg lettuce’s
outer leaf area and shoot dry weight being in relation
to the temperature indexes (T-index) for the datasets
(M1_382, M2_474, M3 _427 and M4 _550). /* denotes
coefficient of determination and the significant level is
denoted as P value in parentheses.
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2) > R 1 AR RIS E R (M1~ M2
M3 fil M4) £ T-index XA 3 FEfE XAV & T5
3 a(T) M1 b(T) (18 5 FE 6) - SR LS
S8 a' b (£3) > FHik 3 EEH o F b’
3 ARAG (13a) ~ 5 (14a) FI5C (15a) > #ERH
HENHE2E ' (F3)> TREML M2
M3 1 M4 25 8 &R 2 3 8 O B R AR R
HUS ERSR - RIFTRZMESE o T b 2
4 4H AR BB B3 A R A Y Om B b ek B
(1) A (12) FHRESRE - HFERERER
ZREB LT ENRES R TR REERZ
mEE RN ERE (3 (13) ~ 20 (14) F1xt
(15)]: MHESH o BEHERMGERD S
[EENE - IR RER BN EREZE
=7 W SR H & R R B
ERAVHIGEE  BESE c TRERNBEML
EfFSHEEHETANEMAHEEZR
#E=0(8) ~ 20 (9) A= (10) #Y LIN ~ GOP Al
LOGH#EAERE  HlE 28 a b M A
B L e bk BE R £ R

3.

TREEE S Fo(tla', b, ¢) » T fERE S 4H BRI
FH & B — 4 (site-specific) - [& 7A Fi& 7B 77
Al By AN EE AR R 3 b ez BE A BT L R S i
il 5HE S EBUIME 2 e > BEEE RN
st EHEBNES SR SAEN 1 1 HAE
b FIRELFg(tla', b, ¢) (EESMEHRTEAIM L
HEZEREMS S > H 3 EEXNRGEE S
ELE M - 281 > DL LIN §I GOP = T4
G SMEEE AR ETHE - AR A RATHAA
HRAL - Hie S5 > M LOG B=CHYHE 5 R
7= Al /N B Fs E 2 (B 8A) 5 3 fa =
i b EEZE AR S R TEUAITE V) 4a 2 R B B
{&Adi > {H LIN F1 GOP 5 j il HH 22 i Fy =5
fili » 1% HH B e SR AL E R 2= #/)N » LOG 5K
AR 7 HEAL E BB RAK - & ReH R
M4_550 FYE R} » {H At 4H B RHAY 4 if {E B
HHEY) & S (B 8B) < AH#EL LIN fil GOP f&
= > DL LOG A & 5 it /25 i R A 32
B4 REBHANFNEEMEE R S - WHEEAH
P IEREHE B e BRI B B AU E & 5 DA

DU4 SHEEBRE BRI ANE R (A) Mt EERZE (w) £ REGQER ek D 2 BlEE G LIN) »

Gopertz (GOP) F1 Logistic (LOG) = AVHE &2 8 a’ ~ b' Fl ¢’ »

Table 3. Parameters a’, b’, and ¢’ estimated by coupling procedures for linear (LIN), Gopertz (GOP) and Logistic
(LOG) models, respectively, with 4 datasets of iceberg lettuce’s growth curves (Appendix 1) for outer leaf area (A)

and shoot dry weight (w).
Leaf area (A Dry weight (w
Oft’ft‘;?r‘zzti; In(A) = Fs(tlag, b)’, ¢) ln(w)y: FS(%\a ’,(b ) )
Dataset and site coupling LIN* GOP* LOG* LIN GOP LOG
M1 382 a' 0.1890 0.1883 5665.4000 0.1890 0.1883 56.6540
b’ 1.804 x 107 0.0138 2.89 x 107 1.804 x 107 0.0138 2.89 x 107
¢ 1.8541 15.7280 -6.3596 -3.3092 10.5650 -7.2896
M2 474 a' 0.2086 0.3059 3252.0000 0.2086 0.3059 32.5200
b’ 3.598 x 107 0.0411 3.42 %107 3.598 x 107 0.0411 3.42 x 107
¢ 2.4327 9.2623 -4.0217 -2.8000 4.0296 -6.3423
M3 427 a' 0.2055 0.3005 3120.8000 0.2055 0.3005 31.2080
b’ 3.568 x 107 0.0409 3.83 x 107 3.568 x 107 0.0409 3.83 x 107
¢ 1.8834 8.5832 -5.2353 -3.0205 3.6793 -5.5799
M4 550 a' 0.2166 0.2966 5909.1000 0.2166 0.2966 59.0910
b’ 3.568 x 10” 0.0346 1.52x 107 3.568 x 107 0.0346 1.52 x 107
¢ 1.4071 9.5815 -4.6552 -3.6996 4.4748 -5.3071

“Fy(tla', b, ¢ = (‘by/z)tz +a't+c
Y Fy(tla', b, ¢Ngop = (-a'/b") exp(-b't) + ¢
FFy(tla', b', ¢)og = Infa/[1 +exp(-c) - exp(-b'1)]}.
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Fig. 7. Scatter plots of the predicted vs. observed values for (A) logarithmic outer leaf area, In(A) and (B) shoot dry
weight, In(w), with the datasets (M1 382, M2 474, M3 427 and M4 550) by using the coupled modeling procedures
of linear (LIN), Gopertz (GOP) and Logistic (LOG) models, respectively.
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Fig. 8. Use of both datasets (A) V1_427 and (B) V2_382 for validation of models coupling curves in logarithmic
values of iceberg lettuce’s outer leaf area and shoot dry weight with the 3 models: linear (LIN), Gopertz (GOP) and

Logistic (LOG). AIC, is Akaike information criterion for assessing the good-of-fit of models coupling curves.
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Table 4. Parameters a', b’, and ¢’ obtained by coupling procedures for linear (LIN), Gopertz (GOP) and Logistic
(LIN) models, respectively, with 2 datasets of iceberg lettuce’s growth curves (Appendix 2) for outer leaf area (A)
and shoot dry weight (w) and validation by using mean absolute error (MAE) and mean squared error (MSE).

Leaf area (A Dry weight (w
Of;?;?rﬁztig In(A) = Fs(t|a§, b)', ) 1n(w)y: FS(%la',(b ) ¢)

Dataset and site coupling LIN® GOP* LOG" LIN GOP LOG
V1 427 a' 0.1954 0.2406 4057.3000 0.1954 0.2406 40.5730
b’ 2.678 x 107 0.0275 3.67 x 107 2.678 x 107 0.0275 3.67 x 107
¢ 2.3452 10.8680 -5.5528 -2.6093 5.9800 -5.7921
MAE 0.3954 0.3189 0.1641 0.2485 0.1695 0.0882
MSE 0.1788 0.1185 0.0491 0.0698 0.0343 0.0144
V2 382 a' 0.1920 0.2093 5073.7000 0.1920 0.2093 50.7370
b’ 2.160 x 10” 0.0194 3.12x10° 2.160 x 107 0.0194 3.12x10°
¢ 1.4416 12.2960 -7.0275 -3.3993 7.4551 -7.2749
MAE 0.3541 0.2542 0.3421 0.1356 0.1652 0.1784
MSE 0.1731 0.0928 0.1933 0.0387 0.0327 0.0376

“Fy(tla', b, c)un = (‘17'/2)t2 ta'ttcl
Y Fy(tla', b, cNgop = (-a'/b") exp(-b't) + ¢
“Fy(tla', b', ¢)og = In{a/[1 +exp(-c") - exp(-b' )]}
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Bissk 1. BUBEEEDBRAY 4 SHASER B B A R &R B0k oA H % (DAT) ~AEPRINERIT (A) Flfth EHIEZEE (w)

DU BHFEAIEZE In(A) Al In(w)

Appendix 1. Four datasets of iceberg lettuce’s growth curves used in the modeling procedures: days after trans-
planting (DAT), outer leaf area (A) and shoot dry weight (w) of lettuce plant, and logarithmic values of A and w,

In(A) and In(w).
Shoot dry weight
Datasets and sites DAT Outer leaf area (A) (w) In(A) In(w)
------ d ------ S Rl ) Y 3. [ —
M1 382 10 52.86 0.3419 3.9676 -1.0731
(1.61) (0.0141)
23 294.80 1.3177 5.6864 0.2759
(20.60) (0.1223)
35 1,891.90 11.0140 7.7284 2.3992
(107.10) (0.4446)
43 4,134.50 23.3670 8.3271 3.1513
(226.60) (0.8235)
51 5,817.90 37.5340 8.6687 3.6252
(102.80) (1.7114)
M2 474 10 117.70 0.3902 4.76384 -0.9410
(4.83) (0.0170)
21 492.20 1.9262 6.1988 0.6555
(15.50) (0.0552)
31 1,637.30 8.6766 7.4008 2.1606
(65.70) (0.2647)
42 2,321.30 13.4220 7.7499 2.5969
(65.30) (0.3251)
52 2,566.40 28.0160 7.8503 3.2328
(97.00) (0.8584)
M3 427 19 164.30 0.9874 5.1015 -0.0127
(9.69) (0.0579)
29 747.90 3.3430 6.6173 1.2069
(18.00) (0.1014)
41 1,365.20 11.3100 7.2191 2.4257
(29.40) (0.3032)
50 1,991.70 19.3030 7.5967 2.9602
(26.20) (0.5543)
58 2,340.50 24.3660 7.7581 3.1932
(61.20) (0.7335)
M4 550 19 222.00 0.7864 5.4024 -0.2402
(10.90) (0.0422)
31 782.70 4.0271 6.6627 1.3930
(17.30) (0.1997)
40 1,877.20 11.9220 7.5375 2.4784
(44.70) (0.3116)
51 2,517.30 22.4700 7.8309 3.1120
(105.00) (0.7285)
59 4,168.90 32.8700 8.3354 3.4925
(285.70) (0.7354)

“ Values in parentheses are standard errors (n = 6).
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Wigk 2. (LEREEHY 2 SHEAEBKE E A RMGER © 154E 08 (DAT) ~ HHRSNERETE (A) FIM EESFZE (w) > BL
R LEEAIEZE In(A) Al In(w)

Appendix 2. Two datasets of iceberg lettuce’s growth curves used in the validation: days after transplanting (DAT),
outer leaf area (A) and shoot dry weight (w) of lettuce plant, and logarithmic values of A and w, In(A) and In(w).

Datasets and sites DAT Outer leaf area (A)  Shoot dry weight (w) In(A) In(w)
------ d------ SV Rl ) [qp— EN: S | —
V1 427 12 144.80 0.7400 4.9754 -0.3065
(11.80) (0.0626)
20 506.10 2.8762 6.2268 1.0565
(22.20) (0.1221)
33 1,207.10 12.8740 7.0960 2.5552
(28.60) (0.4547)
45 3,758.60 25.7460 8.2318 3.2483
(293.50) (0.9909)
53 4,361.50 36.0260 8.3806 3.5842
(222.80) (0.9326)
V2382 14 90.96 0.4086 4.5104 -0.9851
(6.11) (0.0223)
25 350.50 2.0134 5.8594 0.6998
(8.58) (0.0720)
34 786.60 8.9092 6.6677 2.1871
(24.50) (0.3304)
45 2,162.00 21.2800 7.6788 3.0578
(127.60) (0.9490)
55 3,356.60 35.8950 8.1187 3.5806
(111.40) (1.4955)

“ Values in parentheses are standard errors (n = 6).
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Bitek 3. AHEERAR (RGR) RHAHEEEE R (RLR) AVEHREBES AR BN B e I R IR el B £(0)

Appendix 3. Expression of relative growth rate (RGR) and relative leaf-growth rate (RLR) in linear functions of
time f(t) with the Taylor-series expansion.

{Ez3% RLR F1 RGR FY S B 25 Foll5 ] o 80 £(t) » {EHEAT t = O 2 AR BN 4R B A (Taylor-series
expansion) FRY N (Phillips & Taylor 1996) :

f(t) = f(0) + t - £/(0) + t7/2! - £"(0) + /3! - £9(0) + ==« + t"/m! - f(0) + -+~ » (A1)

Fort £ (0) FURAE t = 0 WHITHT m ST » 7Tt B 2R 4 5 i S0 (R A 85 T BB
SE R EABUR L

f(t) = £(0) ~ (A2a)
f(t) = £(0) + £/(0) - t ~ (A2b)
f(t) = £(0) + £/(0) - t + £"(0) - /2! (A2¢)

Nl > & RLR 2 RGR HYZE B S & = 1 BF B o (e R R AE BRI > W] 5 B (B 5 AR R A 2
SRR R o i ] Y AR B AR M e B IE R USRS B A M o (B Y T BB R KR B A
B RAMEBEAERBUNEE (n = 5) AVERCTESTAS © 118 ARSI O S B 4RI -
F RS EERE FR A H R B IR M e Bt (6) A (7) -
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Comparison of Different Models Coupled with
Temperature Changes and Farmland Variation for
Modeling Growth of Iceberg Lettuce

Chu-Chung Chen'”?, Dar-Yuan Lee’, and Kai-Wei Juang®"

Abstract

Chen, C. C., D. Y. Lee, and K. W. Juang. 2022. Comparison of different models coupled
with temperature changes and farmland variation for modeling growth of iceberg lettuce. J.
Taiwan Agric. Res. 71(1):49-72.

Iceberg lettuce (Lactuca sativa L.) grown during the cool seasons in Taiwan is the flagship
vegetable to export,. High temperatures in summer will retard or violate the heading physiology of
iceberg lettuce, so Taiwan’s iceberg lettuce is routinely grown from early autumn to the late spring
of next year. In the growth of iceberg lettuce, the outer leaves expending would be a major source
of photosynthates; the leafy head which accumulates abundant photosynthates would be a sink. The
growth of outer leaves will govern the yield of the leafy head. In smart agriculture, it is essential to
optimize the growth model to increase the benefits of cropping management in smart agriculture,
while coping with the growth variation in different crops. Linear (LIN), Gopertz (GOP), and Logis-
tic (LOG) models are frequently used for modeling crop growth. In the present study, relative leaf-
growth rate (RLR) and relative growth rate (RGR) are fundamental to developing the growth model
of iceberg lettuce. The growth curves for shoot dry weight and outer leaf area were fitted to LIN,
GOP, and LOG models. And model coupling procedures with the seasonal temperature changes and
farmland variation were proposed to improve the prediction of the growth modeling. Two experimen-
tal sites, No. 427 and 382, are located at Erlun Township, Yunlin County and the other two sites, No.
474 and 550, are located at Mailio Township, Yunlin County. The growth survey of lettuce plants at
sites No. 427 and 382 was carried out in the Winter 2017 and Spring 2018 cropping seasons, respec-
tively. At sites No. 474 and 550, the growth survey of lettuce plants was only conducted in the crop-
ping season Winter 2017. A total of six datasets were used in the study for model fitting assessment
and validation. The results showed that LIN, GOP, and LOG models were well fitted to the growth
curves of the outer leaf area and shoot dry weight. The goodness-of-fit for the models would be varied
by the climate of growing seasons and environmental variation of sites. Parameters a and b obtained
from the models fitting could be used to describe the dynamics of RGR and RLR in growth periods;
also, the values of @ and b were imported by the coupling expressions, a(T) and b(T), with tempera-
ture (T) to evaluate the influences of seasonal temperature changes on the growth rates. In addition,
a(T) and b(T) were combined with data of plant growth recordings on the site (S) to obtain coupling
parameters ', b', and ¢'. Then, the growth modeling functions, Fy(t|a', b', ¢')un» Fs(tla’, b, ¢")gop, and
Fy(tla', b', ¢) o, corresponding to LIN, GOP, and LOG models were developed, respectively. Com-
pared with Fy(tla', ', ¢'). and Fg(tla’, b, ¢")gop Fs(tla', b', ¢')og Was more accurate in the predictions
of outer leaf area and shoot dry weight at the later growth periods; thus, LOG model used in the cou-
pled modeling procedure would be more suitable for prediction of the time to harvest and the yield
of leafy heads. If the range of application and convenience of use are the priorities for modeling the
growth of iceberg lettuce, LIN, and GOP models will be the superior options in models coupling.

Key words: Growth analysis, Models coupling, Linear model, Gopertz model, Logistic model.
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