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Summary

Apple ‘Fuji’ trees were constructed in a computer using canopy constructing and analyzing system (CACOAS).
Each constructed tree was arrayed with a plant spacing, then light environment in each virtual orchard was
analyzed by orchard light environment analyzing system (OLEAS). Data of leaf surface PPFD (leaf PPFD) from
OLEAS and meteorological factors were used to a multiple regression formula for net photosynthetic rate (Pn)
of ‘Fuji’ leaf, then Pn in orchard level (orchard Pn) were calculated. Distributions of leaf PPFD and Pn in tree
canopies were very wide on a clear day, and narrow on an overcast day. Anyway were remarkably different from
the normal distribution. By elaborating some contrivances in CACOAS, investigation of seasonal changes of tree
canopies and their light environment became possible. As the result, a peak of the daily mean of orchard Pn
appeared in the end of June. The summertime might be an important period for plant production though the light
environment was not so good. Toward ten years of tree age, the daily mean leaf PPFD in orchard decreased rapidly
and the daily mean of orchard Pn increased rapidly. Thereafter, these values showed some gentle changes. The
effect of tree row direction on the mean leaf PPFD in orchard was very small. Mean leaf PPFD in orchard and the
mean leaf Pn decreased on an approximate-logarithmic curve against LAI per orchard land area (orchard LAI)
which was given by regulating quantity of leaves per tree without changing the plant distance. On the contrary, the
mean orchard Pn increased like an approximate-power line against the orchard LAI. A switching point from rapid
increases of the mean orchard Pn to the slow ones was found on the power line to be about 1 of the orchard LAIL
This point was considered to be an optimum orchard LAI for plant production. When planting density was changed
without altering occupied land area by a tree, it was found that the orchard Pn increased in proportion to the
planting density though the light environment slightly deteriorated. Using the similar technique, light environment

and orchard production of a designing dense planting were compared with a normal planting.
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1968) 1ZBE 3 2 WeiiS 134 < v, BEtEd L
HBHVIFEREZRS T, BHEMNITAL 2505 Zh
DITRFEAEL LOHEEMICL o TIHFE L v, ¥
WEMR L2 2T, STy, &EFRE, BR
CERBIORHZEL T, RESRONES L LG
BAER 2 WES 52 EDEETH L.

& B AR AR R HUA B AR 0 uBREE 0 0 G EH
otEEY HIIZ L70F9813% < %\ (Charles-Edwards -
Thorpe, 1976 ; Palmer, 1977 ; Jackson, 1980). Z D5+
I, AP, KBEEE, KB AR E < H2HME
TAHEMHT, EEI WO TEHL, VAN LBEICBIT 5
BB LA E O EMESHETH o722 LT
NG, ZHUIINZ, RN X 20RO 8 % &t
B ESRONIRE L LEROREI LD L, ZD72®
DEBMEIRII WS EDBBHIFON L. FA—HThH
HETOBPEIERCRERICIE2 % ) OB N, EZL I
RO72DODFEERGMED L L e\, £ 2T, AWIZETIX
2QHHEDIKRTTY I 2L —3 3 Y ETFIVTH DR O
TEAEEEMRNT > 2 7 2 (CACOAS, 1A 5, 2004) & Fefs
FEBRBEAAT S A7 2 (OLEAS, IIA, 1999) 12 > I
EOMGEBHEE O EEFHEEN (LA S, 1995, LIT,
FEHEER) FHAG DY S I & T RO W2 @k
L&)y &L7 F&bb, CACOASIZL ViAol
5, OLEASIZ & ) B EESkOGEREOMIT B L U
BRI X0 BIHL L~V DR A B EE 0 8 AYHT
BRI D & E 272,

FF IR O THERH R LT 52 L0k
DIRBIREEEREAUETEDLLDEEZ TS, Wb
LEZNREBOUETH L. LAY, BER, FHHE,
N Sl3 TN BE R ER A L, S HIZR,
RHEI, B CORMZE L INb S, s 0BEE
BE 2729 2T, BB EHIERIIR T 242 TH
ERBHEOBRNORE LD L VT T 5 2 LAt
FETHLEEZL]. 22T, AHTIIEEEICBIT S
W L AR OBELZ EFTHOMILA) 2T, 4%
DOWFRILELHEREAFLEL)ELAELDTHS.

RECTHY) FF 2 BB e % T 5 L, DTFO
#HY TH%H CACOASEHWVTY v I "5 1L O5FHH
ORI THFLBIFARODPOB A REE L. LT,
FNEN LA L 72 R 2 RIS Wb IR E
EZROLETUTOTHEDY I 2L — 3 VEBEIT-
72, 1) BHENEIEIZBT 5 EROBE AR LE T H
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% (LU, ¥\ PPFD) L AR ERGHRE (LU, Pn) O
BB LPTIRICBI 2560707 14— )b, 2) #
FEPIAE3EZ B 1T 2 ZETH PPFD & Pn O f:H5 315 0O fE i
97224k, 3) BHENAEEIZ BT 5 2EE PPFD & Pn 3y
B L OREHMS7- ) OMOGAEREE (LT, EiitE
BHE) OFEIMNZEL, 4 RE3EOREEEAL, 5)
B J5 18] &\ A3 PPFD IC [ (3 3528, 6) At
BEAEE L7299 2 COEELER (Lo TRlYS2Y
WEEFRETEE) DRV ER3EIIRITTHEE, BLUT)
TR LB YT M X & [EE L7z ) 2 CTORME
BEOEWH FFE3HEIIRIZTHETH 572 N TR
AR 12 B 1 2 R R O JGBREE & LA O BB S
WTHRE L7z
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1. CACOAS I & Bt DB E

CACOAS D FEAIIZ D W TIZEEH (1A 5, 2004) %
S ENZ0D, CHIFEXLTH- 72720, 2T,
ZOm/NROMREH, HHNT 2 — & B L OREERIZ BT
BB M7 E12OWTRE Y. CACOAS IZfaE sk
R OREICED X, B4, L iEe 2ZHALE L 28
b, arV¥a—% LIHEHEL: Cokx,
HOBMEK &, FAE O AE & SEEME, oM
i, HEOFEMNER EERHEE L. FOHER T, B
O & D SENE % &2 SA R E 3 5 E N
JRHEEDE & B 50 OB L &L NI E 054
ICELE A AR DY Ty TAVE Y I 2L - a Vi
Tho7e.

BT & 13572 ) CACOAS IZmILBIIEHIR (LSNW),
FPBHIRHIR (LEWW) B X OBHm#lR (LTH) 2256 7%
LD 24 T22M (set space) WITHZHEEEL7: (551 XD).
RIfF7eCIamHIRZ 3.5m & L7z, &0 24 C X
DA X (FEACBHIREIBE < BB IEHIR) (3432 TH %
XD E o7z BOAELT (0C), ZEHIFEIA T
T (MCL) BLUYFHATLT (YS) ®3FTiddm X
4m B L IR E#IAL. T (SCL) Tlid3mX3m& L
72, FLYAFHEFMT (TT) CTREILETIO%E4m
X 2m, WEEHIOBE2m x4mE Lz, 2OEED b
L) AZEEM CTH -7z, b, FElE) 4 TREMH
D BT LA X O 4 KIEARRIFHE %S 0T, EBIZIX
HALDODNHDLZ LR TB &,
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Fig.1 Limit of south-north tree width (LSNW), limit of east-west tree width (LEWW), tree width in south-north (WSN), tree width in
cast-west (WEW), limit of tree height (LTH), trees height (TH), set space, set land compartment, cubic grid, tree space, row space
and land area occupied by a crown (LAO).

CACOAS I, AT EOKOFERIE (DUF, ksl ¥, B FEHOBAENE, WFEARB 25O
ERT A=, F1FE) (KO, M ETERY DK (rotation angle of the first SSB from earth axis), Hfi &
LyfEx £ L7z, F72, FRLodE ) GCEm i idsail BOZAEMBEOSA, BERRS, FiEET S8
7ol EITIE, KR L L b ard - B SE & HEICAT- BAEFHHEERRGE, FiEHG ] & 12817 2 0 A R 5 &
72. EHIZCACOAS X 2B ot m BB IR EIHEAE (L UM S ICBT 2 ARKHMBrAE TN (B1HR).

ETRRE & MAREIRRE) RS S (LA S, 2004), YT AU BT A BEE O = O &S ik
EO M C MW AN 2D oA (DU, CEVFAILBY I AL =Yg VIEICLERINTG A —F
LAla) % ZOFERHEBMEIZESII - S 87 FUIEEHR (LA S, 2004 5 LA S, 2007) (2H#E L 72,
ZHRES DOUYFEZ S 7oL T B IR O R CACOAS I, L 7B &fk%z 121 pfl s
HERE ), A HPEERE CH 72 b, SRTTIRAE ) v FCEW, BIEICE T DRk 4 R T %
A THOZZBEIIRE S -, BERES 7o 74 — )b 1w, % < oftERREE I L7z (LS, 2004).
BN BAL THE LR (551%£ 0 0C-1, MCL-1, ZoR, 7))y RO 7Ty 7 (LK) %k,

YS-1, SCL-13 X " TT-1), #5J7 10 g5 IZ R Y DEHOHEB L THLORS R L LT, Theh,
AL CTHESE (55 1% o 0C-1~0C-5, MCL-1~ B, B LRSI L BRI E A B L7
MCL-5, YS-1~YS-5, SCL-1~SCL-5 B X O TT-1~ (A -l e, 1989 5 1A 5, 2004). CACOAS A 5 14,
TT-5) #Mw7z (BE1KR). BEIIE ST A -5 1213E BAEOERIE LIS L EIE, #) 4TEEA~OH
BoRE, FH (PSB) ¥, HB1FEHKOREALENMA, £l filt & ZNAOFFLER 7 E ORISR ORISR E L D
TRD T EofE, 51TKOLE EA) /AR (build- 2, 7y FNE 78y 7 ICBIFA2EBOSHT— 5 %
up gradient of PSB), FAIZ BT 2 EF OB (phase HEMT L (LUARS, 2004). Z3UE 3RICHEIIZE D
of rotation angle of PSB), FAXDISEREO5AG, TH: KaxhL, OLEAS~NDODAN)7—% &L THws (DL
RO, FRLDIFISEES A, TAM72) OREEAR (SSB) T, BEOAT—5).
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LRE3ALTHED96.88% @A Lz, D7z,
EE#BFAL T (MCL) & L) A5 T (TT)
Oty, MO I THEDOREMLAIIZE %L T
I, ENEN, M1B9%B L3 12%/ NS VEEE oo
72 ExoTBL.

OLEASO 71 77 At HICUER/NT A =¥, ok
2, BMERE S OS5 S SRERICER L2 0% %
DF FH 7258 (AR, 1988 5 IHA, 1990 ; 114, 1999),
HEL IR FER I OHEE /S5 X — F 12DV TIE EFE ko
bOLIZRLRY, ok, ZOWEREEZN LSS
(LU - Bl 2004) 272 F72, 50 O ER KL,
A - & (1991) DR EHWTHLL.

5 2FICOLEASICHWARKH B L U2 KH D68
PO 18 E CORF Ty 2R L7z, ZOT—FI2
X RZED 5 O e EH O KFHPPFD (total light) B
£ KBt % 3 o THIE L 72 RZ22 & DGO K
I PPFD (sky light) "&F 7z, Thbids5 A, 6
A4, 6 A TH, THTW, 8HTH, O THBLY
10 H TR ICBIT 2 MBI 2 RH L& KHIC
FHAIL 72 (AR, 1988) 7— 4 &b L 12, PRl & P
IR B EIVIBELZBDOTH-72. LTz,
10H TREID IS IZHE B TH - 720 THRESET — 713
V. Z09) 2, BN X o T3 H o HEZIHY6 B LT,
B B\ ILHIEEFZI D I8 ELIAIZ 2 0 72DT,  Z DRERH
DEFTEIZOWTIZRA L2 2 & 2> TE L. OLEAS
WHWW 72 KRz, 2h2eh, 5A15H, 6 H1H,
6H22H, 7TH22H, 8H22H, 9A22HB L U°10H 22
H OB % Fv 7z

OLEASIZ, #BESI MR T L, BENIZBIT 5%
W PPFD (BfZiZuE-m™ s™) OF—7%&EFIZON
THHLE., Zo7F—s%b &2, mEFOIER PPFD Rk
BIBE A B L OV 1 H & LT O3 PPFD Rk 5l %8 5 45
fizGIET& SIS OME Y L - 3
PPFD B & O'H P ¥R PPFD 121X, #E5 & LT, Zh
Z1, HMPPFD & DMPPFD % 4 C 72, W% 51X, Wi
WIS 2 L7z (72 20E, 12857 51X 12HMPPFD) .
F 72, KK (clear day) &K (overcast day) (2471
THFRTH L EIF, Zheh, FEXTFCLOEMHIT,
CDMPPFD, ODMPPFD, C12HMPPFD, O9HMPPFD
DEHICKBH L. RITIX, OLEASH S DI 7 —
¥ EBINT A4, FICLROFYEE V.
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3. MXERREDHEHE

)y T AL EoMIGERGEE (Pn) OERYGHEE
X AR IAS, 1995) #HWT, OLEASASHI L7224
FEDLEMPPFD (72721, 1UZB1T A HAEmE - m ™ -
s, MEHOREZA (BAd), HARRMIZBLT
HHEEREZ & IR & oW & (BAZmin), Tk ER
71 (AL MPa), HEERZORGAELREALE (LT
VPD, Hifi71310'Pa) 3 & UHEERAOKIE (EAT)
RAHZERE L, HAEZEOPn (BALmgCO, -dm™ -h™)
REE L.
Pn = 0.6129 x JE I H $% — 0005976 x 3% H 457+
0.0000167 x FE3Ef% H 4% + 0.2508 x &l — 0.8602

X PPFD’ + 17.43 x PPFD"® + 0.0000003187 x
HHKEES® — 001151 X IE- & DR — 7357 X
VPD - 14.23 D
B, EHBRENL0.8177, HEREIZ66.86%, FE
2213 4.026, FAEI354.92 (P<0.01) TH-7= (1L
K5, 1995).

1RV ZHAEBO AF HEED T oMY Th o7z,
1 PPFD 1 OLEAS 25 O il (A u E-m™ - s7")
L, HERPOREGZHEIT 50 ORERKGH
(4R 15H) K h&EWL, HEFELOIEF L ORI
OLEAS Ot sE %] (685A 5 18 F TO 13MEH]) L D
B L7 TEORGIEIC DWW TR A AN EIR A
BENTwsER2LT, 0.01MPan iz w72,
BRI A SRBENFTOT AT ATF—= D) B2 IZiE L7254
2510 £ TOTRMNCR Y AR 2R H & 2R H 12
BT 2R OS N & HARE (52%) £ HWCTVPD
R L7

BT O OLEAS (IS A BEE E % HE 58 3 2 BREEATH
e ThhrolzoT (LK 1999), DTFo2fEHOH
BIE R 2 S L7e, 120k, HEEE, HEEmER B
L ORI HE L7250 & HAHRE O 7 — & F A I
IS E AW VPDIEOR L, RERH L L CET
L OWEMER EORHEEETH - 72, ho—>21, 4
OIER PPFD RSB ZIC BT 2 Pn O ERRHEE, o
Pn 7 — % % 745 0 P BERLBIAREE 5046, 1 H % 38
L 72 Pn BERL BRI 5345 B £ OF 2 05 FI9ME O 7155 L H
Tholz B, 135N EREFIYPn & H¥ Pn Ol
F12iE, ZN N, HMPN & DMPN % 24T 7z

L2 @ HMPN (H.47 mgCO, - dm *-h™") & DMPN
(A7 mgCO, - dm™ - d ") (G B AL IEME AL Y 72 V) HATEE
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Table 2 Meteorological data at the thirteen hours on typical clear days and overcast ones of the seven periods at Tsuruoka City.

Middle of May (clear day) Middle of May (overcast day) Beginning of June (clear day)  Beginning of June (overcast day)
Hours Total light” Sky light Temp.” RH*  Sky light Temp. RH Total light Sky light Temp. RH Sky light Temp. RH
6 228 178 123 77 155 9.3 82 194 155 157 83 220 133 78
7 537 303 142 64 370 11.6 75 588 317 18.1 74 374 140 72
8 793 360 15.7 54 543 146 67 831 367 204 64 557 15.5 64
9 1140 413 18.1 45 640 169 o6l 1172 417 22.1 59 625 16.6 66
10 1563 459 18.5 41 772 19.0 50 1578 460 223 54 753 18.3 64
11 1926 489 185 35 772 19.5 47 1945 491 224 48 791 202 61
12 2088 501 18.0 33 829 19.2 42 2088 501 223 57 762  21.6 54
13 1926 489 18.0 33 772 19.9 50 1945 491 223 56 791  21.7 54
14 1563 459 17.2 31 772 195 54 1578 460 22.3 61 753  22.0 54
15 1140 413 17.5 32 640 183 55 1172 417 22.0 65 625 21.8 56
16 793 360 17.1 38 543 177 49 831 367 226 54 557 212 58
17 537 303 16.3 44 370 169 46 588 317 21.6 61 374 202 61
18 228 178 15.6 40 155 166 63 194 155 204 65 220 18.6 62
End of June (clear day) End of June (overcast day) End of July (clear day) End of July (overcast day)
Hours Total light Sky light Temp. RH Sky light Temp. RH Total light Sky light Temp. RH Sky light Temp. RH
6 300 218 17.8 79 228 17.8 97 166 125 250 81 80 23.6 95
7 548 307 20.1 62 345 177 98 399 257  26.7 72 274 240 92
8 795 361 223 56 538 179 97 701 346 28.0 70 270 257 82
9 1113 410 248 42 637 18.1 94 1012 417 293 58 365 260 78
10 1493 452 253 59 753 175 96 1405 463 30.8 54 445 274 70
11 1856 484 254 56 820 17.8 96 1802 468 31.8 59 650 29.0 61
12 2018 496 254 59 829 18.1 93 1941 447 323 58 725 294 57
13 1856 484 253 59 820 185 91 1802 468 31.6 54 650 29.1 56
14 1493 452 248 63 753 18.0 96 1405 463  31.6 49 445 293 56
15 1113 410 25.0 59 637 177 90 1012 417  31.1 54 365 29.0 57
16 795 361 247 64 538 17.7 94 701 346 304 53 270 284 61
17 548 307 249 59 345 17.6 91 399 257 29.8 54 274 274 62
18 300 218 24.6 60 228 173 91 166 125 29.6 57 80  26.1 62
End of August (clear day) End of August (overcast day) End of September (clear day) End of September (overcast day)
Hours Total light Sky light Temp. RH Sky light Temp. RH Total light Sky light Temp. RH Sky light Temp. RH
6 150 117 19.1 88 78  16.8 90 70 6 10.8 90 6 159 97
7 384 255 20.6 84 320 185 85 293 215 134 83 84 16.5 94
8 718 346 229 171 543 21.0 77 562 310 156 75 295 18.1 89
9 1008 395 245 64 663 233 73 799 361 18.6 64 326 18.9 84
10 1369 440 26.2 59 714 246 62 1071 404  20.0 51 368 19.7 82
11 1652 467 26.2 58 851 254 63 1310 433 223 40 450 205 79
12 1766 477 26.6 57 891 26.8 61 1413 444 236 36 695 219 73
13 1652 467 272 55 851 28.1 55 1310 433 243 32 450 22.1 76
14 1369 440 274 52 714 28.0 56 1071 404 22.5 sl 368 215 76
15 1008 395 274 55 663 275 60 799 361 233 51 326 224 73
16 718 346 272 57 543 27.0 61 562 310 237 42 295 22.0 73
17 384 255 26.5 61 320 259 65 293 215 21.8 48 84 209 78
18 150 117 257 66 78 247 67 70 6 199 56 6 19.8 83
End of October (clear day) End of October (overcast day)
Hours Total light Sky light Temp. RH Sky light Temp. RH
6 2 0 8.4 89 0 94 91
7 115 79 9.7 85 29 10.0 88
8 392 258 11.8 81 194 11.6 83
9 644 330 143 69 333 13.6 76
10 630 327 159 55 518 154 66
11 1031 399 16.6 52 644 175 48
12 1117 410 16.5 51 646 18.6 44
13 1031 399 16.4 50 644 187 45
14 630 327 16.3 51 518  18.8 48
15 644 330 16.2 53 333 187 53
16 392 258 155 56 194 186 59
17 115 79 149 58 29 163 63

18 No data™ No data 142 61 Nodata 158 64

“Photosynthetic photon flux density at horizontal plane ( 1 E-m’- s'l)
YAir temperature (°C)

*Relative humidity (%).

“After the sunset.
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Fig.2 Frequency distributions of leaf PPFDs at several hours in daytime in the end of July of the OC-1 tree (15 year of tree age).

The left side shows a clear day, and the right side shows an overcast day. The numerals indicate hours in daytime.
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Fig.4 Daily frequency distributions of leaf PPFDs in the end of July of the five trees (15 year of tree age). The left side shows a

clear day, and the right side shows an overcast day.
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Fig.5 Daily frequency distributions of Pns in the end of July of the five trees (15 year of tree age). The left side shows a clear day,

and the right side shows an overcast day.



64 Wi RAER S (RRE) 178 HB1%

T (E35%K), ERTIIRELTL2%HIRTH 72 (5
45%). F7, A—Hr CTHETOE» R o728 X121,
BHZOLOPRKELEDLY, FRLoELY FRlo7z 2
D7z, FANLTH B 5B & B8 5 1) 1 C R
LCHMEIIAEEN RO N R P57

5. HMEEMZEELAZDATOEBEEESE (LAEN-ST

EiLA) DBV REBEOKIREEKEKICKIT
7
OC-1# Ot 154E7 H TAIOR K H L& KH, b
% » HMPPFD, HMPN 3 X ¥ HMPNO & [# #1 LAI
(LAlo) OBfR%EEISHIIR L7, RERTHRE L-HE

WLAIORAME (#2.5) 3B 5 A AR 72 D) B

—e—0C-1

700

HMPPFD (4 E*m2:s™")

6 7 8 9 10 11 12 13 14 15 16 17 18
Hours in daytime

500

400 |

300

HMPPFD (4 E*m2:s™")

200

100

6 7 8 9 10 11 12 13 14 15 16 17 18

Hours in daytime

o8 (LAI) 1T 2 ER991CHIM L, #ERBHc B
175 LAIc & LTEIBO TREIVEIETH 572, FHLLAT
ORI, HMPPFD & HMPN &, #8013 S 12 %
PL, WEZWo L) &AL, #EL/EBLAIOHK
PN T & b3t B iR sd Ll 72 (5615
H/AEB L), HMPNO (dREH LA OB RIS g
SR L, WEILWo ) &KL, 7 L7z
LAT O #iPAAN CIE e n BRIz 3k Lt 72 (%615
BA). MorZEB X O 48120 nT S FBL L 7221k
BHERONT (77— FHE).

S5O0 THELLIY (1% ORMLAI L
DMPPFD 3 & I'DMPN @ BfR % 55 16 IR L7z, 5
& b #5 15 X HMPPFD % HMPN o ffi # (2 38 L 7228

T
<
'E
T
o)
(&)
)
E
=
o
=
I
2 L
0 | I DU NN W BN NS SUNNN DU S W BN S— |
6 7 8 9 10 11 12 13 14 15 16 17 18
Hours in daytime
16
~ 14
T
=
o 12 F
£
T
ONIO-
2
E 8
&
= 6
I
4}
2 }
o Ll e—— el amnasdr——s—

6 7 8 9 10 11 12 13 14 15 16 17 18

Hours in daytime

Fig.6 Diurnal changes in hourly mean leaf PPFD (HMPPFD, left) and hourly mean Pn (HMPN, right) on a clear day (upper) and
an overcast day (lower) in the end of July of the five trees (15 year of tree age).
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Fig.7 Relations between leaf PPFDs and Pns at several hours in daytime on a clear day and an overcast day in the end of July of
the OC-1 tree of 15 year of tree age. The numerals indicate hours in daytime.
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Fig.8 Examples of projected images (south side views) of tree canopies at several stages in 15 year of tree age of the YS-1 tree (upper)
and that of tree shapes (lower). The crossbars indicate 50 cm. TNL and LAlo indicates total number of leaves and leaf area index
per orchard land area, respectively.
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Fig.9 Diurnal changes in hourly mean leaf PPFD (HMPPFD, left), hourly mean Pn (HMPN, middle) and hourly mean Pn per
orchard (HMPNO, right) in the seven seasonal stages of OC-1 tree (15 of year of tree age). The upper and the lower indicates
a clear days in each stage and the overcast day, respectively.
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Fig.10 Seasonal changes in daily mean leaf PPFD (DMPPFD, left), daily mean Pn (DMPN, middle) and daily mean Pn per orchard
(DMPNO, right) of the five trees (15 year of tree age) on a clear day (upper) and an overcast day (lower) in each seasonal stage.
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Fig.11 Examples of projected images (south side views) of tree canopies at four tree ages of the five trees, and the builds made up

of leafy blocks at 15 year of tree age (right end). The latter were looked at an elevation angle of 30 degrees in a direction of
20 degrees from north to west. The crossbars indicate 50 cm.
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Fig.12 Yearly changes in several canopy characteristics
Tree ages of the OC-1 tree.

68



ETNE W) TRONEERE LCEROBRE —

HMPPFD & HMPN i3 A 12K L, #2074 10a LT
TIRIF—EMEIC o7z GEIOREEH). 2B, 5. T
DEER 7 B LAT IR 24 3 2 Sl 29 B 13 % 41 A&
/10aTdH -7z, —7, HMPNOIZHEMEHE D LRI
WIZIZEMAICHR L 72 (19H). #9414, 10a 12
$1F 5 HMPPFD & HMPN (21X, #6274 10al2351)
% HMPPFD & HMPN O A #4135 K H TR 2% LT,
ZRHATHI%UT TH -7z, —F, HMPNO DBEAE
BIXH50% L ETH o 72 MOBLB X Ot b
LRGN (F—=F8%). 5 OO ThHES
1# (813%) OERIZBIF 5 DMPPFD, DMPN B £
U°DMPNO & S 5 O BIAR 1 & 45 19 Y HL L 724
7D b (E20). & 2AT, MEE®E (SCL)
ENLYAFET (TT) 2B 2 HMEHE LH TS 5
DMPNO ¥ K DA B A D 34137 T H T T - 72
25 (B52014), 0 Y4 CHBRME/A NS VI LI

IIES 69

LUBROERTH o 72 7B, 420D DMPPFD &
DMPN D it B YLRFIR SN TV A D THEE S L
72w, ZERIZBWTH B & R EAFRD 57z
(F— 1) .

WANE 2 O OC-1 B O 154F 1281 5 7 A T A O
RKHEZEKH, #o20K%0HMPPFD, HMPN B X
O"HMPNO & A% & OB E E2AA IR LA &
DI BT 2 BAEEE O EIZE ) B TXE & LA
HHLZLEOMTHY, EHEMZOYE LR LY
624K 10aTH-7z. ZOREIPSTEY 7 IAETD
F) M CIXE &9 L& RPE AN | S HE L 2555 3eiis
a2 S48 & HMPPFD & HMPN 34 128k
L, #1354, /102l T TIRIZ—EMIC R > 72 (211K
&), —7%, HMPNO X#HAEFEE O LA I ITIT
EARMICEER L7z (521104). 5. £ TOEBRICHYL L
728141742102 123813 5 HMPPFD 8 X 0'HMPN 21X,

1400 —¥%—6 ——8 20 r 25
1200 18
o 16 2
~~ _: - ':\
> 1000 - =
& £ 14 * 15
'e 800 b E
w Q12 o)
2 600 ® 8 ,
Eof
& o)
g 400 £ Z
gz g, % z
E T 05
200 6 L
o T TR TN VRN N WO SO Y TR TN MY MO M D D e o'} 4 Y N TN T T TS U T T W T T T —"— 0 .
1 35 7 911131517 19 1 3 65 7 9 111315 17 18 1 8 5 7 9 11131517 19
Tree age Tree age Tree age
1400 ¢ 20 25
1200 | 18 F N
= e I'F 2r
;9 1000 r w18 | "
E | ° S'15
5 800 o 14 g
> S °
o 600 |- E12 2 1
o =
g 400 f 210 -
T » * 0.5
S rerinan. s T 8
6 B N N T Y TN T N Y N N NN W N R - 0
1 35 7 91113151719 1 85 7 9 11131517 19 1 3 5 7 9 1113151719
Tree age Tree age Tree age

Fig.13 Yearly changes in hourly mean leaf PPFD (HMPPFD, left), hourly mean Pn (HMPN, middle) and hourly mean Pn per
orchard (HMPNO, right) of the OC-1 tree on a clear day (upper) and an overcast day (lower) in the end of July of each tree

age. The numerals indicate hours in daytime.
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Fig.14 Yearly changes in daily mean leaf PPFD (DMPPFD, left), daily mean Pn (DMPN, middle) and daily mean Pn per orchard
(DMPNO, right) of the five trees on a clear day (upper) and an overcast day (lower) in the end of July.
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Table 3. Comparisons of hourly mean leaf PPFD (HMPPFD) between south-north row (SN) and east-west row (EW) of the five trees

east-west row was larger than that of south-north.

71

per training system (Table 1) on a clear day in the end of July (15 year of tree age). The underlines indicate cases that the PPFD value of

RD” OC-1 OC-2 OC-3 OC4 OC-5 Mean MCL-1MCL2MCL3 MCL4 MCL-5 Mean  YS-1 YS2 YS3 YS4 YS-5 Mean
C6HM SN 624 605 60.1 591 551 594 557 554 540 556 538 549 618 570 564 599 581 586
PPFD EW 626 60.6 608 599 557 59.9 564 555 543 562 538 552 607 568 562 59.9 574 582
C7HM SN 1360 1327 1321 1288 1229 130.5 1247 122.5 1202 123.1 1185 121.8  132.6 1243 1235 132.1 1279 128.1
PPFD EW 1365 1325 1335 1290 1221 1307 1255 1221 1200 1227 1193 1219 1302 123.0 122.7 1303 1262 1265
CSHM SN 2407 2374 2339 2304 2198 2324 223.1 2203 2145 2148 2102 2166  237.1 222.6 220.7 235.6 230.7 2293
PPFD EW 239.6 237.7 2344 2321 2217 233.1 2255 219.6 2142 2157 2078 2165 2342 2214 219.8 2342 2289 227.7
COHM SN 339.0 3365 3227 327.0 312.1 327.5 3114 2937 291.0 284.1 282.6 292.6  329.9 299.6 311.0 320.7 326.6 317.6
PPFD EW 3406 336.9 328.1 3282 3122 3292 3135 2940 291.0 284.0 2874 2940 3263 297.6 309.8 317.8 3242 315.1
CIOHM SN 4789 480.1 454.6 464.6 4374 463.1 4324 4028 393.7 4019 392.5 4047  453.1 4187 4295 4495 452.9 440.7
PPFD EW 474.6 477.7 455.6 468.6 4367 462.6 432.6 4019 396.0 399.0 393.1 4045 4493 4164 428.0 446.1 449.9 437.9
CIIHM SN 6207 6338 5864 6192 563.0 604.6 5667 5229 513.8 5207 512.1 5272  586.6 5483 554.0 5822 589.6 572.2
PPFD EW 624.5 631.9 592.8 617.8 563.5 606.1 5674 5259 5140 5174 5161 5282 5827 546.0 552.6 578.5 586.4 569.2
CI2HM SN 687.6 695.1 6465 676.6 6159 6643 6308 579.2 562.8 5684 5624 5807  630.7 6034 6042 626.6 645.7 G622.1
PPFD EW 685.5 699.7 649.5 6755 6141 6649 630.7 5813 568.6 568.7 562.0 5823 6268 6013 602.7 623.1 6429 619.4
CI3HM SN 6100 626.6 5844 6092 557.8 597.6 5839 526.8 530.1 5304 5192 5381 574.6 563.1 559.0 578.1 607.5 576.5
PPFD EW 609.3 629.8 5832 6139 559.6 5992 5851 529.9 5332 5319 5156 539.1 5704 560.8 557.6 574.5 604.6 573.6
CI4HM SN 4553 4808 447.3 4555 4227 4523 4415 407.0 417.0 417.0 399.0 4163 4413 4434 4330 4329 467.5 4436
PPFD EW 4559 478.2 447.7 4612 427.5 4541 4434 399.9 4155 4195 399.5 4156 437.0 4412 431.5 4293 464.5 440.7
CISHM SN 3265 3429 3240 329.6 301.8 3250 3160 2954 3059 308.5 287.9 3027 3214 323.0 320.6 3182 340.5 324.7
PPFD EW 323.0 3432 3213 3304 2993 3234 3155 292.8 307.6 3067 288.0 302.1 3179 3212 3193 3149 338.0 322.2
CI6HM SN 2343 233.1 2252 221.1 2088 2245 2354 2168 2232 2204 2139 2220 231.1 2181 2264 224.8 2303 226.1
PPFD EW 2312 234.1 2258 2193 207.6 223.6 231.6 2165 2244 221.8 2146 221.8 2282 2165 2255 222.1 2282 224.1
CI7HM SN 1379 1344 1288 1288 121.7 1303 1260 121.1 121.8 1237 1180 1221 1323 1253 1229 1302 1285 1278
PPFD EW 137.1 133.6 1300 1290 1219 1303 127.0 121.1 1214 1237 1188 1224 1299 123.8 122.0 1282 1269 1262
CISHM SN 625 610 607 597 555 599 564 549 543 566 530 550 616 579 567 604 588 59.1
PPFD EW 628 60.8 612 600 560 602 567 553 542 564 533 552 604 S7.1 563 3593 579 582
CDM SN 337.8 3427 323.6 3315 3073 328.6 3157 293.8 2925 2942 2864 296.5  322.6 308.1 309.1 319.3 328.0 317.4
PPFD EW 3372 342.8 3249 3327 307.5 329.0 3162 293.5 2934 2941 2869 2968 3195 3064 308.0 316.8 3258 315.3
RD SCL-1 SCL-2 SCL-3 SCL-4 SCL-5 Mean TT-1 TT-2 TT-3 TT-4 TT-5 Mean
C6HM SN 626 600 578 595 624 605 622 641 624 688 651 645
PPFD EW 627 609 581 609 624 610 631 652 626 694 649  65.1
C7HM SN 13801 1320 1290 1354 1380 1345 1398 1403 1344 1508 144.1 1419
PPFD EW 137.1 1322 1294 1362 1379 1345 1427 1434 137.1 1524 1440 1439
CSHM SN 2484 2445 2519 2540 2547 250.7 268.8 2707 264.8 2860 2692 271.9
PPFD EW 2527 246.9 2503 2557 257.3 2526 2712 273.8 2673 2872 269.0 273.7
COHM SN 3558 3222 3186 3423 3428 3364 3290 3655 329.1 3739 3624 352.0
PPFD EW 350.0 324.1 319.7 343.0 3432 3360 333.6 3703 3333 3760 3622 355.1
CIOHM SN 461.8 430.1 4127 447.7 461.0 442.6 4232 471.0 399.1 4793 4517 4449
PPFD EW 463.1 4263 4124 4456 4603 441.6 4287 4765 404.1 482.1 4514 4486
CIIHM SN 579.8 5417 504.1 544.0 577.1 5493 5364 5662 4822 588.9 5242 539.6
PPFD EW 5809 541.8 504.8 547.5 577.3 5504 5419 572.1 487.1 591.8 5240 5434
CI2HM SN 6413 603.5 5444 590.1 619.6 599.8 569.9 601.3 499.7 6063 5409 563.6
PPFD EW 647.5 599.5 544.6 5863 618.5 5993 5749 606.7 5043 609.2 541.0 5672
CI3HM SN 5845 557.1 502.8 5317 5712 549.5 5507 5584 484.9 5867 5124 5386
PPFD EW 584.1 561.7 4989 5223 569.4 5473 5562 563.8 489.6 589.9 5122 5424
CI4HM SN 4553 4543 4064 4249 452.6 438.7 4489 448.6 4122 4863 4423 4477
PPFD EW 4593 456.1 403.6 4263 451.8 4394 4540 4543 4169 489.1 4419 4512
CISHM SN 337.7 3398 307.7 3258 355.5 3333 3415 3544 330.7 3842 3488 3519
PPFD EW 340.1 342.8 311.0 328.0 356.5 3357 3458 359.5 334.5 386.6 3484 355.0
CI6HM SN 253.0 2482 247.6 2523 259.1 252.0 268.1 269.1 2632 2784 2635 268.5
PPFD EW 2552 249.8 2489 2528 257.5 2528 270.6 272.0 2657 279.6 2632 2702
CI7HM SN 1382 1349 133.1 1365 1394 1364 1342 1405 1340 1490 1453 140.6
PPFD EW 1405 1334 1314 1350 139.0 1359 137.0 1437 1368 150.6 1454 142.7
CISHM SN 625 606 580 614 624 610 613 635 623 681 648  64.0
PPFD EW 624 60.8 579 609 626 609 628 652 63.6 69.0 648 651
CDM SN 3322 317.6 2980 3158 3304 3188 3180 3318 2969 3467 318.1 3223
PPFD EW 333.5 3182 297.8 3154 3303 319.0 3217 3359 3002 3487 3179 324.9

“Row direction.
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Table 4. Comparisons of hourly mean leaf PPFD (HMPPFD) between south-north row (SN) and east-west row (EW) of the five trees per training
system (Table 1) on an overcast day in the end of July (15 year of tree age). The underlines indicate cases that the PPFD value of
east-west row was larger than that of south-north.

RD* OC-1 OC-2 0OC-3 OC-4 OC-5 Mean MCL-1 MCL-2 MCL-3 MCL-4 MCL-5 Mean YS-1 YS-2 YS-3 YS-4 YS-5 Mean
O6HM SN  37.0 36.1 357 353 326 353 325 328 318 32.7 31.7 323 373 340 335 361 345 351
PPFD EW 382 37.0 36.8 36.5 335 364 338 336 33.0 342 322 334 37.1 347 340 36.8 348 355

O7HM SN 1099 111.6 108.8 110.2 101.7 108.4 102.0 1004 97.7 103.6 98.5 100.5 1158 108.1 101.5 111.8 110.8 109.6
PPFD EW 110.1 111.4 109.9 110.5 101.9 108.8 101.9 100.5 97.9 103.7 99.3  100.7 113.2 106.5 100.6 109.9 109.0 107.9
O8HM SN 1299 127.7 130.1 1298 117.5 127.0 1158 115.6 1148 1238 117.0 1174 1382 127.1 120.2 130.0 129.3 129.0
PPFD EW 1304 1274 1314 129.6 118.1 1274 1162 116.0 1144 1237 1179 117.6 135.0 125.6 119.4 1284 127.5 1272
O9HM SN 1259 120.7 1282 1224 111.8 121.8 117.4 1148 118.7 123.1 120.6 1189 131.9 1289 121.6 132.1 132.0 129.3
PPFD EW 126.6 1203 129.7 1234 1123 1225 117.8 1154 1192 1229 121.7 1194 128.9 127.3 120.6 129.5 129.8 1272
OIOHM SN 1523 146.0 154.1 1489 138.6 148.0 145.6 1415 1452 148.1 143.7 1448 1622 156.2 149.2 156.5 160.2 156.9
PPFD EW 152.6 1454 155.6 1493 1393 1485 1459 1419 1452 148.0 144.6 145.1 158.4 154.0 147.6 153.2 1574 154.1
206.2 210.2

Ol1HM SN 2204 211.8 2242 2156 2016 2147 2116 215.1 2066 2099 2351 2248 2174 226.6 2324 2273
PPFD EW 2217 2112 2265 2160 2019 2155 2115 2071 2111 2145 2088 2106
OI12HM SN 2409 2319 244.6 239.9 2208 235.6  224.0 221.9 228.6 2362 227.0 227.5  260.5 243.7 237.3 249.9 2552 2493
PPFD EW 2415 2312 2472 2400 221.7 2363 2249 223.0 2285 2365 2280 2282  254.1 2402 234.8 244.5 250.6 244.8
OI3HM SN 221.5 2115 2205 218.0 202.6 214.8  203.1 2032 2068 212.0 2048 2060 2372 2212 2152 227.8 229.5 2262
PPFD EW 2222 2120 222.8 2192 203.5 2159 2041 2044 207.8 2122 2056 2068 2314 217.9 2133 222.8 2253 222.1
Ol4HM SN 1557 1449 150.1 149.9 140.6 148.2  141.6 140.9 139.6 144.1 140.5 1413  163.8 149.6 147.0 159.5 1554 155.1
PPFD EW 1563 1440 1514 1505 1412 148.7 1413 1420 1392 1443 1420 141.8 1599 147.5 1457 155.8 152.7 152.3
OISHM SN 1323 1174 1222 1219 1168 1221 1174 1148 1119 1157 1165 1153 1348 120.1 119.0 130.5 124.1 125.7
PPFD EW 133.1 117.1 1234 1220 1174 1226 1173 1151 111.6 1165 1170 1155  131.8 118.7 117.9 127.6 122.0 123.6
OI6HM SN 1355 127.6 121.1 1313 1189 1269 1205 1152 1128 113.1 1129 1149 1340 1312 1140 134.1 1322 129.1
121.9 113.2
103.1 99.7
104.2

229.5 2214 2152 221.7 2282 2232

PPFD EW 136.0 127.1 131.1 119.0 127.0 120.6 115.0 1129 113.1 115.0 131.0 129.5 113.1 131.4 130.0 127.0
Ol7HM SN 1134 1102 110.7 1003 107.5 1012 985 1004 104.6 .7 100.9 1147 107.9 101.4 111.2 110.7 109.2
PPFD EW 113.6 109.5 . 110.7 100.7 107.7 1013  99.0 100.6 104.1 100.1 101.0 1122 1064 100.5 108.9 109.0 107.4
OI8HM SN  38.0 372 368 368 335 365 340 332 331 34.7 3L 333 377 356 347 37.0 359 362
PPFD EW 381 37.1 37.0 369 33.6 365 340 333 331 34.7 318 334 369 352 344 363 354 356
ODM SN 1394 1334 1369 1362 1259 1344 1282 126.1 127.0 1313 127.0 1279 146.4 137.6 131.7 141.8 141.7 139.8
PPFD EW 140.0 133.1 1383 136.6 126.5 1349 1285 126.6 1273 1314 1279 1283 143.0 135.8 130.5 139.0 139.4 1375

RD SCL-1 SCL-2 SCL-3 SCL-4 SCL-5 Mean TT-1 TT-2 TT-3 TT-4 TT-5 Mean
O6HM SN 377 362 345 357 372 362 37.0 378 37.6 409 399  38.6
PPFD EW 83 373 350 377 374 371 371 377 365 40.2 394 382
O7HM SN 111.8 1089 105.1 104.1 1129 108.5 101.9 107.8 1054 103.3 1089 105.5
PPFD EW 1122 1083 104.6 104.0 1129 108.4 105.0 111.0 1083 105.0 109.0 107.7
O8HM SN 1292 1248 118.7 1205 1284 1243 109.0 121.8 113.0 1162 120.5 116.1
PPFD EW 129.7 1248 118.1 1199 1281 124.1 111.8 1250 1158 117.5 1203 118.1
O9HM SN 131.1 133.7 1249 125.6 1348 130.0 138.8 1343 140.2 1451 1372 139.1
PPFD EW 131.1 1333 124.6 1253 1345 129.7 142.8 138.4 1439 1469 1369 141.8
OI0OHM SN 1657 165.8 1594 161.0 1693 164.2 171.8 1709 178.8 186.8 184.8 178.6
PPFD EW 166.5 1652 1579 159.6 169.5 163.7 177.0 176.4 182.2
OI1IHM SN 2429 243.7 2354 2442 2477 2428 2457 253.8 263.9
PPFD EW 243.6 243.0 2344 2455 2463 2425 253.7 2619 269.2
OI2HM SN 260.1 260.1 2539 269.7 2743 263.6 268.5 280.8 . 3105 3122 2942
PPFD EW 260.5 259.1 251.7 268.8 275.6 263.1 276.6 289.6 306.8 315.1 312.3 300.1
258.1 263.8

269.1

177.9

181.5

136.4

139.0

116.4

118.4

105.8

108.0

37.8

385

189.6 1843

183.5

2649 2757 2793
2714 2799 2793
299.2

OI3HM SN 240.6 2374 2356 252.7 248.1 2429 261.1 2762 2803

266.7 267.7 2804 2799

243.3
PPFD EW 240.6 237.8 234.1 2522 248.6 2427 250.6 266.7
Ol4HM SN 168.8 157.8 1585 1733 171.7 166.0 1659 1769 1763 1855 1848
171.0
128.2

PPFD EW 1693 1583 158.1 172.8 1713 165.9 182.7 180.8 188.3  184.8
O15SHM SN 137.0 1252 128.8 1383 1357 133.0 1282 138.7 137.0 1382 139.9
PPFD EW 138.1 1254 1283 138.1 1352 133.0 132.1 143.0 140.2 1402 1394
Ol6HM SN 1354 1239 1279 121.6 1312 128.0 984 122.6 1139 118.1 129.1
PPFD EW 1351 1240 1273 121.0 131.0 127.7 101.3 125.8 116.7 1194 128.6
O17HM SN 1174 111.1 107.8 1054 1154 1114 972 109.8 105.6 106.2 110.3
PPFD EW 117.1 1104 107.5 1054 1146 111.0 100.2 1133 1085 107.9 110.3

I
S |;
Lo
w
3
“

OI8HM SN 379 372 351 377 376 371 357 374 369 403
PPFD EW 383 37.1 348 377 376 371 36.7 384 378 409 38.7

ODM SN 1474 1435 1404 1454 149.6 1452 141.7 150.0 151.5 157.1 1589 1519
PPFD EW 147.7 1434 139.7 1452 1494 145.1 1458 154.6 1552 1593 158.7 154.7

“Row direction.
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TomRr (GB24 X)) & RTmMEARE: (5624 Xh)
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z =
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RWEE|IHUEERSH L. IO WE L F AN
SR ERPITAL INOIIREREERICRS.
—7J5, BHEERLEEZ I PO -V LA S L L Ot
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WFEITHEEOMES 2 (KH, 1989 : K, 1964).
L7zioC, ERBEROLEE 203> o — v i3k
U<, RO ZRITICE o TR R 542 RFTE R
W, BHZZ) y REfilA, SO TR 4751 (Jackson,
1968 ; &1, 1997 ; /N¥F, 1985) (T KELEETH Y,
BB SRS N, RERERESEOFHIMELEER L.
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B A2 RIS, BRFEICOLFUEIEATERTH S LM
T&%. Dol ehs, RWfsIZHIT 5 CACOASD
BERE & M5 2 A 2 EBR OB 2 FHwCiT) 2 LIdHER
AU TH 5.

BIREACE R ORI T, e —%ZEMb 5
WIS K PAZE W IR TR 2 ST v B
(Richard - Barden, 1982 ; Lakso - Musselman, 1976 ; 7
JIe, 1999 ; BH - T-3% 2002). L& L, SBAMRIERIC
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Fig.15 Relations between LAI per orchard (LAlo) of the OC-1 tree (15 year of tree age) and hourly mean leaf PPFD (HMPPFD,
left), hourly mean Pn (HMPN, middle) or hourly mean Pn per orchard (HMPNO, right) on a clear day (upper) and an

overcast day (lower) in the end of July. The numerals indicate hours in daytime.
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Fig.16 Relations between LAI per orchard (LAlo) of the five trees (15 year of tree age) and daily mean leaf PPFD (DMPPED, left)
or daily mean Pn (DMPN, right) on a clear day (upper) and an overcast day (lower) in the end of July.
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brrEZoNL (BEFS 1974). 7007 4 VEw
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He7zse, PUERBIE EREE V9 13% A L7z (IR
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Fig.17 The upper part shows relations between LAI per orchard (LAlo) and daily mean Pn per orchard (DMPNO) of the five trees (15
year of tree age) on a clear day in the end of July. The lower part shows relations between the slope of DMPNO per LAlo of

two data-groups and the LAlo .
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Fig.18 The upper part shows relations between LAI per orchard (LAlo) and daily mean Pn per orchard ( DMPNO) of the five trees
(15 year of tree age) on an overcast day in the end of July. The lower part shows relations between the slope of DMPNO per

LAlo of two data-groups and the LAlo.
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Fig.19 Relations between planting densities in four square planting of the OC-1 tree (15 year of tree age) and hourly mean leaf
PPFD (HMPPFD, left), hourly mean Pn (HMPN, middle) or hourly mean Pn per orchard (HMPNO, right) on a clear day
(upper) and an overcast day (lower) in the end of July. The numerals indicate hours in daytime.
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Table 5 Comparison of sum total of DMPNO (unit: gCOzm'zd'l) of
the five trees on a clear day (upper) and an overcast
day (lower) in the end of July for 20 years between the
three planting systems.

Normal Dense Designing dense
Trees planting (A)  planting planting (B) B, A (%)
OC-1 205 393 235 114.7
MCL-1 196 374 225 115.0
YS-1 201 385 230 114.9
SCL-1 196 370 225 114.7
TT-1 198 392 227 115.0

Normal Dense Designing dense
Trees planting (C) planting planting (D) D,”C (%)
OC-1 185 354 220 119.1
MCL-1 181 344 216 119.2
YS-1 182 348 217 119.5
SCL-1 178 348 215 120.9
TT-1 183 376 223 121.5
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