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Development of a Growth Model for Prediction of Top Dry Weight,

Head Dry Weight and Head Fresh Weight of Cabbage
Grown in Winter Season

Kunihiko Okada and Hidekazu Sasaki
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WCRIZTHE LY I V- TEXAEFETIVEHANT
MM ORI PRER S EITY I 2 b—Y a VEITZE,
ZhZho e P& B isHt U7 @i B O 5RE %2 & Bl
WZATH &R SR 5 (WH, 2014b, 2014c).

AT, BEHOF » XYFEFICBOT, MEKEK
NOFEEIIRKE O, FEERIEK O B & « KA ERE
B R Z 9 AT « 7L LU 725 RIT >0 TR
He 5.

ETIVER D 72 OIRKEAER « B A « BIHFE %
DTN &T, WRAEVET « R vy — -
(¥BHE1BoRy v 7, T, BITEAK, mhRiLK,
FLFERERITE, ZREEGHREZTOED, (LR
seidt Culy, ZRPIEHE, Bl EPuEEEDE
vE=) Ty, HECT - BEHICTRAEN .
L UTRELAR#HOEEERT 5.

ZZIiZ

0 EFIEERT—IHE

AEHETIVHEORRSH R CAFEMES) &

Ufe. EBETIVOBFIZIE, 2002 4FE, 2005 4FE, 2006
HEOZ NI NS (ZHIBHTLRT) TiT -
TeRERR D 7 — & B L O = IR —EET 0 23
A B ORFERIEETIT > TO B[ S Dk &
WoAET—7 M7z, Tablel, Table 2 iZZN<Hh
DF =%ty b ORIER & BB, A ERERE %
AUt s E &, Bl E L & 128 REEHE
Vb LA ZROCTITWO, ERERE O Hil 3 A 4E 3~4 B210]
TH - fo, BIHERIPIENATRET D, PHETTNR
BRTid, M 60cm kM 35ecm1 Az CRRAEZE 4762
K /10a) TH > 7cDTH L, Hili—E0T O EEF RS T
(&, HRM 30cm THAM 150cm A TH 4 ] 60cm @ 2 %Al
Z GBRAE#E 4444 K /10a) TH - 72,

RN E S, MR « BiRR I HISIZ B 1 B IEIFIC#E L T
1T-72. Anou2005 TiIERAZDORMMMEMNR SH, W
fii ] BE7S FEEREIZI3E R 9, Ichishi2005-1 Tld, FEERAE
KRITHELENBE Shih, Chollhor—5ty
b TORRREMILINEFN T H - 72 (Table 1.

HERE, FEERER g ~Ht g ORSERBAIG I~ F5 5k

Table 1 Dates of transplanting and investigation, and growth of cabbage in the nine datasets.

Initial investigation (head growth initiation stage)

Dataset name Date of

Investigation at harvest (after head fresh weight exceeds 1500 g)

Dates of destructive

transplanting

growth investigation

Date Top FW Top DW Head FW Head DW
NIVTS field (T'su-City, Ano, Mie Pref.)
Ano2002 2002.9.3 2002.10.25 1146 + 68 87.1 + 5.7 63 + 7 50 + 05 2002.11.22, 12.16,
2003.2.25 2632 + 163 278.0 + 185 1706 + 114 157.5 + 10.7 2003.1.21
Ano2005 2005.9.13 2005. 10. 27 419 + 47 42.4 + 4.0 8 + 2 1.0 £+ 0.2 2005.11.20, 12.14,
2006.2.3 1926 + 149 2286 + 16.7 869 + 79 98.8 + 8.6 12.26, 2006.1.12
Ano2006 2006. 8. 21 2006. 10. 3 678 + 117 62.8 + 10.9 29 + 13 25+ 09 2006.11.8
2006.11.29 2587 + 226 213.3 +£ 22.1 1527 + 161 117.6 + 13.7 o
Farmer’s field (Tsu-City, Ichishi, Mie Pref.)
Ichishi2003 2003.9.5 2003. 10. 31 826 + 113 76.1 + 11.1 66 + 14 6.3 + 1.9
2004.1.13 2588 + 167 281.5 + 21.5 1553 + 107 166.8 + 12.8 2003.11.12, 12.5, 12.26
Ichishi2005-1 2005. 8.25 2005. 10. 13 696 + 168 56.0 + 13.1 21 + 168 1.9 + 13.1 2005.11.25, 12.9,
2006.1.26 2456 + 300 320.0 + 34.1 1605 + 249 192.1 + 26.9 12.21, 2006.1.12
Ichishi2005-2 2005. 9. 20 2005. 11. 8 710 + 43 685 + 4.8 65 + 9 6.6 £ 0.7 2005.11.25, 12.9,
2006.2.28 3172 + 288 3458 + 29.0 2115 + 209 207.8 + 185 12.21, 2006.1.12, 1.26
Ichishi2006-1 2006. 8. 18 2006. 10. 4 900 + 109 754 + 7.3 35 + 9 29 £ 06 2006.11.10
2006.12.1 3262 + 629 2455 + 47.1 2020 + 466 125.6 + 30.2 o
Ichishi2006-2 2006. 8. 19 2006. 10. 4 639 + 170 54.0 + 13.0 27 + 4 23+ 04 2006.11.10
2006.12.1 2647 + 476 2253 + 37.0 1554 + 365 1154 + 26.7 o
Ichishi 2006-3 2006. 8. 25  2006. 10. 12 625 + 102 59.7 + 8.8 25 + 7 28 £ 0.6 2006.11.13
2006.12.1 2458 + 601 2259 + 47.3 1560 + 463 128.2 + 36.0 o

FW: fresh weight (g/plant); DW: dry weight (g/plant)
Values are means *+ 95% confidence interval (n= 8-12).
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Table 2 Daily air temperature after first sampling in the nine datasets.
Temperature (°C; mean for 10 days)
h h Dry matter
Days after 0 10 2 30 40 50 60 70 80 90 100 110 120 haﬁi‘;it content of head
first sampling -9 <19 29 -39 49 59 69 79 -89 99 109 -119 -120 . at harvest (%)
Ano2002 12.3 9.5 9.2 9.4 7.1 7.1 5.0 3.4 4.0 3.5 5.4 5.0 6.5 6.7 9.2
Ano2005 14.5 13.3 9.5 8.3 5.3 3.1 4.0 2.9 4.1 4.7 6.9 114
Ano2006 19.7 185 177 139 112 16.2 7.7
Ichishi2003 16.0 12.3 11.8 10.0 6.3 5.2 6.2 4.2 9.0 10.7
Ichishi2005-1 19.2 16.1 153 114 11.1 74 4.4 4.3 3.6 5.9 3.6 9.3 12.0
Ichishi2005-2 13.1 10.8 8.6 5.8 4.1 4.3 5.1 4.0 4.9 5.3 6.9 6.6 9.8
Ichishi2006-1 194 179 16.6 13.2 11.3 105 14.8 6.2
Ichishi2006-2 194 179 166 132 11.3 105 14.8 7.4
Ichishi2006-3 18.4 17.1 139 111 114 14.4 8.2

JERFICBE L7 (UUF, CoRgs&T—5 &y b
PALA R EMP3Y). £k, IR S X OREERIE K& 1
~5OEFEREET -7z, o7V U703, fRimisd
BARZRET, ho, BEEEMEK & Rk S A EA
BTRAWV 8~12 HikZ B, S UM L TIT - 72, 4>
T Tk, KBRS ENITE &L, EREEN R
%, 80°CTHEL, #WMELE L THELAL Tk, &%
T—%7 %y MEIGET, SREBEEREF L. Bk
BCiE, SERRE LTS TR B L,
20cm & % W (3 25cm DEEHER T NV EIRZ T, fEIARE
k&0 ATz, 20%, AIET 07 S LEH
W, RGB D SAIMEE S HE S hicmHR B E G L
AATRERER: 5 XV O O R S THRE Ui Ok
R»o, shEBGEmEZR Lz, 72720, ~"v—v s
VRO, RGB D S ORI E A3 L&l
220V TR, —RIERA VbV 7 Mk, RETR
% iR IE A Jifi U 72,

%72, Anou2005, Ichishi2005-1 8 XU Ichishi2005-2
TOTF—%ty MHIGEA T, Y7V 7 Uicfik
D55, H EESTEOZAZN 4 BEKIZONT, S
WA G« FERBICHIPELT, N-C T+ 54 %— (R
HALTE >~ 7 —8, SUMIGRAPH, NC-22F) %l
TEEREAREZWE Lz, ZOFE, Anou2005 T 4.26
+0.03, Ichishi2005-1 T 2.83 * 0.44, Ichishi2005-2
T4.77£0.20 (WWThd, EHPEHDY (gg), B

fEE t BEIC K B 95% M IEHEXE, n=4) Th -7z,

ZDZ EMS, Ichishi2005-1 TH SN - BHE IS ASBRIE K
DOENIZ, EERIERPICBIFAEREEBRZICEE LD
EEZohi:.

M £BEFIEZHE

1. £EBBREOETIVE

a HEYHEEBRE

P REIZ DT, fEWRDS3 13 7 H 4 & 1 RUE
(radiation utilization efficiency ; H & %% (g/MJ))
ERUICHD, THbDB,

ATDW = DIR X RUE (D
(ATDW (daily increase of top dry weight) : Hii_I-#8ez 4
HE4n#& (g/plant/day), DIR (daily amount of intercepted
solar radiation) : HH&TE#k & (MdJ/plant/day)) & U7z,
O A2t SR & SRR OB TIEET 3
EVO VL, FIOARENEERET I B72DIs, EHFET IV
PRSI S LIELIZAHL SN TS (Shibles 5, 1966,
Sinclair 5, 1989, 1992, Stockle &, 1990, Wilson, 1981).

28, FEERPERF R A B IR O ERAK & 0
72, fEMM2d 2B E U CHBEREREI Ebh
52 EMHB (MHS, 1997). ARTHO NS D42
TOTF—F &y MIBOLTE, KAYOEBEMER B
TR, EBGEmMED T K& <, SEENRY 2 m %
Tt - T B I EEMER LD T, DIR DFHEIZE,
BHEEOWH & UG SO 2 RS R %2 AT,

DIR = S X AA (2
S: HH4t& (MJ/m*day), AA (allocated area to each
plant) : fEAZI2M R (m*plant) = 1/density G
£ (plants/m®)) & L7z,

b EHDEERIBADHEIBIE

ATDW 5, EH SN AEHRITIG U T, EEKIBIZa
lEhasl EEli, §48bDH,

AHDW = ATDW X DDH (3
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(AHDW (daily increase of head dry weight) : %&BkiEzZ
YEH¥ME (g/day), DDH (distribution factor of dry
matter to head) : FEERIN DM ILR (glg)) & U7z,

c EHEOEKREEMETRR

FEEREB D ARSI A S 72T, BEEHEMOTY
EHIMCHd A (LUTF, FD ) L0 H#&iHizic
Fil - HAL,

AHFW = AHDW X FDH (4)
(AHFW (daily increase of head fresh weight) : SBR[
{REH¥IE, FDH (ratio of fresh-weight increase to dry-
weight increase of head) : #5EKED FD . (g/g)) &L

2 EFBREICHTIREEAHPHOETERIKIZ
HEERTEFTINNSGA—Y

Ve

Hijik U7c & 9 12 Anou2005 ¥ £ U Ichishi2005-1 Tl

300

250 F

200 F

—

(@)1

(e
T

—

o

o
T

(@]
o
T

P REERARME U TV, 22T, UTOEFILAS
FSA—F OB L TIE, ZDO22FKB0kT5F—%
ty MEHANWAEI EE LK., ZhiTEy, B S RkEER
AEPBERIN TR EBETFT VOB L5,
EMEEICEHLBZ /IS XA—%
KT — 7ty MRS LIREO M Y RN &
DIR BB OGS L MEL2 DT — 5 &y ML, B
MR B EARTY TR Ao MR E Fig.1 IR L
7o, M SR R O R B SRR R 69 A Bl
OB IIZOMB O RUE TH 5 (Tei F. 5 1996).
SEfEH LT —% &y TR, FERIEKUMF o FY
RUE % 0.966~1.301 (g/MJ) OHipTH » 7z, F7z, #
Bed % 2 [0 AR T O " b o 1R B =
% WM © DIR OFEAE TR LTk 72 RUE D
S fE &I O PR & DT, FHBEMR%L 0.2757

a

OFWIEOMHMMN R SNz, £, EERPFICERICE
<o
O
o> O
0¢ T
O (
é ® Ano2002
B Ano2005
A Ano2006
O1Ichishi2003

DOIchichi2005-1
<©Ichishi2005-2
Alchishi2006-1
+Ichishi2006-2
X Ichishi2006-3

Top dry weight increase from start of head formation
on each investigation date (g/plant)

=
o &

50 100

150 200 250 300

Amount of solar radiation intercepted per plant from head
formation till each investigation date (MdJ/plant)

Fig. 1 Relationship between top dry weight increase of cabbage and intercepted solar
radiation per plant from start of head formation to harvest in each dataset.
Approximate lines passing through the origin and coefficients of determination for each dataset

are as follows:

Ano2002 : y=0.966x
Ano2005 : y=1.074x
Ano2006 : y=1.187x
Ichishi2003 : y=1.301x
Ichishi2005-1 : y=1.033x
Ichishi2005-2 : y=1.154x
Ichishi2006-1 : y=1.126x
Ichishi2006-2 : y=1.124x

Ichishi2006-3 : y=1.197x

R*=0.8885
R*=0.9264
R*=0.9943
R2=0.9906
R?*=0.9746
R*=0.9446
R2=0.9954
R?=0.9977
R?=0.9959
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BLIeT—% &y bD S B, Ichishi2003 LIS+ TiE, DIR
BRI 2 Mo IRz E AN E £ 72 B A58 &
hicZ & s, RUE 2 HFEHKRO Y 71 NEH,
RUE temp.top

RUE temp.mid — temp (5)
RUE temp.range

RUE =

1+exp(

(temp : HF#HKIHE (°C), RUE.temp.top, RUE.temp.
mid, RUE.temp.range (3’35 X —%) THET I L& L1,

ZThZEND/3F A —FfHiE Microsoft Excel @/ )L N—
BHE (GRG BB A T av) ZHNT, T —F &y
MR AR E Ui B EDO Y I b —v g v
il &4 B FAR SIS B 5 LR E O FENIME E O
RS RIDMR/IN & 75 B AR AR U7z,

ZD#ER, RUE BHPFHEKIR S5 CETHAH72 005,
BEITIKT 5 &5 B sHE S0 (Fig2). —H
5°CLL E® RUE IZIREEAKIFEMIZEA LM LiZo0
T, Olesen J.E. 5 (1997) &, F+ XYV LD T
Oya)—BXUHYT757—T, 13.8CULTIE—E
THHIEERHE LTS, O, F+XYTH, #
% & T R LR 2 R EHIPH T, RUE 21213 —E &
LTS S ERABEYITRIENEEZ S,

b EEREANDEYHEERICEEHB/INT A —F
FEERIE KW 13 DDH 3/ & &, FEERIE A DL s
IZiF, ATDW @ KEB4H AHDW I 5 on b, 34b

2.0 5
o o
= 15 F o o
g ) o O
] 5 o
= 1.0 |
5 8 o
a s | oo RMSE = 0.4502
: ) Predicted RUE
© O Observed RUE
0.0 L !
0 10 20

Air temperature ¢ C)

Fig. 2 Predicted and observed radiation-use efficiencies
(RUEs) versus daily mean air temperature.
Observed RUEs are calculated from data of 2
adjacent growth investigations (e.g, on 2006.1.12
and 2006.1.29), and plotted against periodic mean
air temperature. RMSE = root-mean-square error.

B, DDH W 1ICEL BB I EMTREN, 22T, #
RIEH D720 O DDH MK, £, SuicHm
L, REERIER#EETE, —@IEWEEREET 5, S0
Iy — v &2FEL, HLN (Head Leaf Number ; #&Bk
W) OV EA NEBELT,

DDH .HLN .top — DDH.HLN .base + DDH HLN base

14 ex DDH .HLN .mid — HLN (6)
DDH .HLN range

DDH =

TYHTRERDBI EE LT

723, HLN &, HE¥Ms (AHLN) 23H P55
B35 & LTHRDI.

AHLN = HLN.temp X temp @)

(HLN.temp (3735 A — %)

DDH 124 %/85 1 —% &, RUE ® £ h & kI
Microsoft Excel @/ )L N—§hE (GRG FEREIA 7 3
V) BEHOT, EEREEMEDO Y I VY g VEEE
AME DR BRNE TR B XS ITED I,
v a OB, RUEIZDWTIE, LR TREITRD 72 BI%
X NXFA—FERT, BohiRIA—512&3
DDH & HLN & 0% % & Ol 2 2 [0l 4 F A
] T DAL BRI R o SRR N % 2434 T o M R
Y o BN & TR LTk o 72 DDH o A1 %
LMo HLN icxt LT ey M L7 D% Fig.3
INZ N OY

‘/i:l_l/‘_

1.2
1.0
o o 0
B 0.8 o o O
jus
0.6 0 o
A © %0 ©
0.4 ©
RMSE = 0.1660
0.2 ——Predicted DDH
O Observed DDH
0.0
0 10 20 30 40

HLN (leaves/plant)

Fig. 3 Predicted (___) and observed ( O ) distributions
of dry matter to head (DDHs) versus head leaf
number (HLN). Observed DDHs are calculated
from data of 2 adjacent growth investigations
and plotted against periodic mean HLN. RMSE

= root-mean-square error..
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c WEHEEAREEMCEHLZ/II5X—%

FDH IZ2W\C, #ifid % 2 [0 0L H AR T OH5ER
FRAE AR TE o JUTFRI I 8 2 24 54 T[] D Al BR R A 7 D JO ]
BTk U TR 72 FDH @ WF-E1E % 434 B o
PRSI O I, S5O IEOFIBIRIfR (FHBEMR % 0.228) A%
Roht., &7z, EARBIME %@ U To Bk 1-% FDH ©
T & & 2 UHERF DFEERETFEYRZ, BRNZE O FLI
ENR SN 72 Anou2005 %k &, FEERIEAINIE O S A
FULMEENEino 7z (Table 2). ThoD I &Eh 5, FDH
% B SRIRIToo 2 BB B %L & L T,

FDH temp.top — FDH temp.base + FDH temp base

1+ exp FDH temp.mid — temp (8)
FDH temp.range

FDH =

ThTiEFDBHI ELEL.
FDH iCBid %5/¥5 A —% &, RUE® DDHDZh &

Table 3 Values of parameters used for determination

of RUE, DDH, HLN and FDH.

RUE.temp.top 1.21 HLN.temp 0.04

RUE.temp.mid 1.98

RUE.temp.range 0.70 FDH.temp.top 12.78
FDH.temp.base 8.96

DDH.HLN.top 0.72 FDH.temp.mid 10.00

DDH.HLN.base 0.45 FDH.temp.range 0.50

DDH HLN.mid 10.00

DDH HLN.range 4.00

Determined with all datasets except Anou2005 and Ichishi2005-1.

20
15 @) O
) o 00 o
En e)
o 10 o ©
a
M O
~ 5 1) O RMSE = 7.626
Predicted FDH
O Observed FDH
0 @)
0 5 10 15 20 25

Air temperature (°C)

Fig. 4 Predicted and observed ratios of fresh-weight
increase to dry-weight increase of head (FDHs)
versus daily mean air temperature. Observed
FDHs are calculated from data of 2 adjacent
growth investigations and plotted against
periodic mean air temperature. RMSE = root-
mean-square error.

FI#EIC Microsoft Excel @ /LN —#fE (GRG FEf A A4
Trvav) EHOT, BEBEKEOY I 2 V—Ya v
il & FEME D IRZE RN E T8 B XD ITED . =
DB, RUE & DDH 1220\ Tid, FETRETR® 2B
KRS A—FEHI, BohlRXFTA—FITkB
FDH & H Pk & O BRI, Fig.4 IR L,

Ubicks, EFLLKOMAN% Figs 12, Kbl
&85 A — 4% % Table 3 1Z/n L7z,

IV EBEFINDOYIalb—2 3 VIEREIREE

1 BEHEREREESRETIETINVZab—2ay

zhEhoT—7+ty MlGS (Table 1) Z#&SEL
T, ZOREATOFEAEEYNMEE LTy Iab—v g
v %217, Anou2005 & Ichishi2005-1 2 &7 — %
oy MTBIT BINHER S F AR (Table 1) TOHE

Solar radiation zAA Daily mean air
(MJ/m?) (m“/plant) temperature (°C)
O X —e—
Th
leq =
&2 Eq. (), /|
e [
DIR £ ;!
(MI/plant) Eq.[(1)1
[r———————————— III :
Dry matter -7 i
production Eq. (D) HLN E
- 1
' Eq.(6)) !
ATDW v !
(g/plant) :
G CD)
Eq. 3) (g/?) ’,'
AHDW
(g/plant) / Fae®
e m F D/H
Eq. (4) (g/e)
AHFW
(g/plant)
g ’
| External Auxiliary  Flow of Flow of .
\ variable Constant variable  materials information 1
1
- —e— —_— =3

Fig. 5 Schematic of the model describing the increase
in top dry weight (TDW), head dry weight
(HDW), and head fresh weight (HFW) of winter
cabbage ,where, AA : Allocated area to each
plant, DIR: Daily intercepted solar radiation,
RUE: Radiation-use efficiency, HLN: Head leaf
number, DDH: Distribution of dry matter to
head and FDH: Ratio of fresh-weight increase
to dry-weight increase of head.
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PEE >~ I 2V —v a MEE OMXEEERD I,
7, BETIRT A= S REEDZEEEMGET 572
O, 7RANYTFT—YarEfTof, $RbL, A
Anou2002 7=ty NUMND 6 DDTF—F &y FEH
WTRBD BT IS A —F T, Anou2002 DKM
EPMETY 3 2L —Y 3 VAT, HEEERD B,
WA EE, 2THEOF—FEy NI LTITY, £
ITHEONIY I 2 b=y 3 Vil & FEHME & DR

250

200 | o

150

100

50 F MRE =4.2%

Observed top dry weight (g/plant)

O 1 1 1 1 J
0 50 100 150 200 250

Predicted top dry weight (g/plant)

Fig. 6 Relationship between observed and predicted
top dry weights of all datasets in Table 1 except
Anou 2005 and Ichishi 2005-1. MRE = mean
relative error.

250 1:1
=
=]
=
5 200 f
b
g
g 150 f
>
-
g3
T 100 f
<
el
()
£ 50 MRE = 9.8%
2
o
O k/ 1 1 1 J
0 50 100 150 200 250

Predicted head dry weight (g/plant)

Fig. 7 Relationship between observed and predicted
head dry weights of all datasets in Table 1
except Anou 2005 and Ichishi 2005-1. MRE =
mean relative error.

R,

ZDFER, Hi FEREMEIC O WD TIRH S O il
NS L, 4.2% (Zm2ANY F—3 5 v TOM®EED
SEEIME 4.8%) THY, BOBETY I ab—va Vil
MIEHEIZHE LT (Fig.6).

R E IOV TS, M IR EIC N D &5
2500, HMBREDFEEEIREEL, 98% (/v
AN F = g v TOMXREDFEE 10.9%) THD,
BIFEHEETY I 2 b—y a VESEEIZHES Lk
(Fig.D).

FEEREAEREIC >0V TIE, HNBRZED M 15.4%
(7 ZNY F— g TOMIRZEDFEE 16.5%) T
HUO, FEEIBEE L HAMKL D 5 70, —EDKET
VIalb—va VENEITES L (Figs).

2 EROEAETEELIET N Ialb—Yay

VIialb—vavETNEHOCTEETFNZET S BHE,
Yial—vary@&PhT, EMEEANTAIEICKD
HeEREE I g5 2 EMF SN 5 (B, 2014). %
T, 7=ty MplREEESELTYIab—V s
VEBMMUZE, zoRhThEERET -5 EEXA
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Development of a Growth Model for Prediction of Top Dry Weight,

Head Dry Weight and Head Fresh Weight of Cabbage
Grown in Winter Season

Kunihiko Okada and Hidekazu Sasaki

Summary

We developed a growth model to predict the increase in top dry weight (DW), head DW, and head fresh weight
(FW) of winter cabbage. Daily dry matter production is derived from the product of daily intercepted solar
radiation and radiation-use efficiency and photosynthate is distributed to the head according to head maturity
(head leaf number). Head FW is calculated by assuming that the ratio of FW increase to DW increase of the head
is a function of the daily mean air temperature. In simulations from the head formation stage (>2 months before
harvest), the model predicted top DW, head DW and head FW with low mean relative errors of 4.2%, 9.8%, and
15.4% respectively.
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