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Remote Sensing of Photosynthetic Photon Fluxes at Leaf Surface and Apparent
Photosynthetic Rates of Leaves on Lateral Branches in Apple ‘Fuji’
Trees Using Leaf Temperatures and Some Meteorological Factors
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Summary

Leaf temperature (LT), air temperature (AT), total solar radiation (SR), wind velocity (WV) and
vapor pressure deficit (VPD) within an apple ‘Fuji’ tree were measured. The multiple regression analy-
ses for photosynthetic photon flux at leaf surface (LPPF) were done by the SAS-REG procedure
(the method of STEPWISE, n=2083) using the powers to the cubes of both these variables and their
interaction terms. The coefficient of the multiple regression reached 0.79 when LT, AT and SR were
used as the variables. Therefore, it seemed that the remote sensing of the LPPF would be possible if
leaf temperatures would be obtained by a radiation thermometer remotely, because AT and SR could be
easily obtained. Apparent photosynthetic rate (Pn), dark respiration rate (Rd), relative concentration
of chlorophyll (SPAD), LT, AT, LPPF, COs concentration, relative humidity and stomatal diffusive
resistance within two apple ‘Fuji’ trees were measured. As the results of the multiple regression analy-
ses for Pn, the coefficient of the multiple regression reached 0.75 when LPPF, LT, AT, the number of
days after the full bloom, the time difference from noon and their powers to the cubes were used as the
variables which were easily obtained. Using the radiation thermometer the leaf temperatures of the
leaves on the 13 3-year-old branches in two apple ‘Fuji’ trees were measured remotely, and the distri-
butions of LPPF and Pn were estimated by the methods mentioned above. As the result, the estimated
values of LPPF and Pn existed in the appropriate ranges on anyway, and the distributions reflected the
differences of light environments between the branches.

Key wards : apparent photosynthetic rate, apple ‘Fuji’ trees, leaf temperature, photosynthetic photon
flux, remote sensing.
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Fig. 1. A diagram showing the PPF sensor which was
placed by two bamboo spits in order to become
parallel to a near leaf blade of which tempera-
ture was measured by a thermocouple.
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Table 1. The variables in the multiple regression for photo-
synthetic photon flux at leaf surface, their units
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Fig. 2. The positions of the 13 3-year-old branches
(A-M) within the two apple ‘Fuji’ trees.

Table 2. The variables in the multiple regressions for apparent photosynthetic
rate, their units and abbreviations, and the number of the observa-
tions per leaf.

No. of
Ttems Units \/r\iglt)i?n_s observations
per leaf
Apparent photosynthetic rate mgcoz'dm’z-h’1 Pn 3
Dark respiration rate mgcoz'dm’z-h‘l Rd 3
Relative concentration of chlorophyll SPAD 4
(SPAD)
Photosynthetic photon flux at leaf pmol - m 2t LPPF 3
surface
Air temp. in the LI-6200 chamber 6l AT 3
Leaf temp. in the LI-6200 chamber C LT 3
CO3 conc. in the LI-6200 chamber % COy 3
Stomatal diffusive resistance sem ! Rs 3
No. of days after full bloom d NODAY
Time difference from noon min APRATT
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Fig. 3. A diagram showing several items in heat balance at
an upper face and a lower one of an uni-stomatal
leaf. Q+q - Total short-wave radiation. ag - Albe-
do of ground surface. F; . Heat radiation from air.
F, . Heat radiation from ground surface. Uy - Heat
radiation from upper leaf face. Uy : Heat radiation
from lower leaf face. Ly - Sensible heat from upper
leaf face. Ly . Sensible heat from lower leaf face.
Er2 © Transpiration rate at lower leaf face. 1 : Heat
of vaporization of water. T; . Leaf temperature. T,

: Air temperature. q(Ty ° Saturated specific
humidity at leaf temperature. q, . Specific humidity
at air temperature.
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Table 3. Coefficients of correlation between the variables. The abbreviations of the

variables refer to Table 1.

Variables AT LT SR WV VPD LPPF

AT 1

LT 0.9188"* 1

SR 0.6828™*  0.7277™* 1

WV 0.0523 0.0835 0.2232* 1

VPD 0.9136™*  0.8635"*  0.8010™*  0.1335 1

LPPF 0.3427°*  0.6145™*  0.5727"*  0.1596 0.4190™* 1
%Kk

and” : Significant level at 0.1% and 5%,

2. BR, ZTOMRKEADAERR S LV hb %
AwiEY>d ‘AU OFEAPPFOERRIMIER
EYE PPF t Y OHSIEE ~PPF OREAEREFH
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JE A
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Fig. 4. The relationship between leaf temperature (LT)
photosynthetic photon flux at leaf surface (LP
pressure deficit (VPD,D),

and air temperature (AT, A) and the relationships between
PF) and several factors, namely, AT (B), LT (C), vapor

solar radiation (SR,E) and LT-AT (F) in the apple ‘Fuji’ tree.
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ERBHCBERE L7225 i ClHlE S N ARITE C THH 4
ms T THY, HEHOHB%L LA 2ms T LLTFTH
o7z (F—FEE). Lho T, BENEELRLOE
Hih R NV Eho7zdbDEEZ SN, IEH PPF L3
KEELOMOBEVAEME (r=0.8217"", 4 XF) X
1. OO LZERBED S IChl§ 5 2 IR
LTw3. HHDOHEHMTRERREZEIINS L, D
B CIRERBERE IR AEED S o720 (B4
MF), HHFOHMMBTRERIIFE I ) b HERAHIST
BEL RLIEFAONZ (EARA). ZOERBE
DRNIFBDOEE: EORBHEEL Z T 205, &=
[l PPF DA/NEFEETHLEEZZOND (FE4HF).
ERRELMORKEROBAR (HIFEH) »5i1
DQO~OIZEE LB DS EARM IR TE 20, BR
ZUETOUERREThHo 2O KEP o7, 1.
DO~BIZF L7 MO BER % —F IR L 225,
120 EREERBEZHE LZHECHEICEZ20
EEZbNA. EHEPPF LR, ER, BREAEE
(B%5 : VPD) BLULRHANED FNEFNOFARIC
b, FREFEROBHEI,OBEMEICE o7z (B54KB, C,
DBLUE). 7, B2 LHEBI LR T3, 2h
HlIA % L HERYBRTIE 2V E Bbhi:.

WEEOEE 2 M ASbY, MEHEDS X OXEEHE
DIRFTOREFEHALZHICH -, EH PPF @ 8

Table 4.

IWERFRE (BF) $£13% 45

HOERFESIT (W dBREFERE, n=2083)
ATo 124G R, BROHE % ERB L ORIRICERE L2
BEOFE5EIT 0.7315, EHOHHA L ER, KRB L
O RGEICBRIE L7238 OF 5L 0.7434, B OEHH
¥R, [RERBLOKEREAERICRELHE0F
5313 0.7541, BL U, EHOHMA%ZER, [iE, A
EBLUOKEGKEAREICRE LB EOESEIZ,
0.7570 1272 o7z (E4K). LaL, ERXANEZH
Wz, EHo#HB*ER, [EBLUTEKEFED 3
HIBREL72HE, Z0F5HEIL0.7916 IEL, Th
XY DEBOHEEEFETTL, FH5FEOLAIDLTHIT
Hol: BARK). WTFhoFEasd, ERFRNOAFEK
#130.01% WRTHH, T/, 2EARROETOR
YRR %I SAS @ REG 70 ¥ ¥ ¥ ORERGREICE
IR K (p<0.15) 2R L Tz (B4 K).
B, ERFERORLBEITTRIZTELOT, F4ERITIE
VE— VIV FIRALLZLDZTERL, &I
BHEL 7.

VE— LYY TICHVAERIE, FOAFIES
BHDTHEL TR RS R, REBRERIE, MSHRES
WL AERORBAEELTZIE, REBLURHNEOHR
EEHWAZ LIZXY, EREROFSEHNR 0.8
DEMTT, BHPPF DY) E— LYV Y IHARET
HHILRRBETE. BARRELSOTEREHAL

Coefficients of variables (R%), residue (Re) and F value (F) in the mul-

tiple regression of the photosynthetic photon flux at leaf surface
(LPPF) using all variables, their interaction terms and their powers
in the 8 combinations of categories of the variables. The abbreviations
of the variables refer to Table 1. Their formulas except the one which
was adopted in the remote sensing were omitted. The unit of the SR

was kWm? in the formula.

Combiation of calepories g Re F Significance
LT+AT 0.7315 235.5 942.6 £¢0.0001
LT+AT+WV 0.7434 230.5 545.5 $¢0.0001
LT+AT+VPD 0.7541 225.4 1061 £¢0.0001
LT+AT+VPD+WV 0.7571 224.1 923.9 £¢0.0001
LT+AT+SR 0.7916 207.7 715.5 $¢0.0001

Formula® : LPPF=1.646LT%—0.09804LT>—0.08225AT>+4213SR-1586SR>+
0.005331 (LT X AT)?—0.000001261 (LT X AT) 3+
262.1LT XSR—0.03214 (LT XSR) *—
404.1ATXSR+0.09693 (AT X SR) +32.81

LT+AT+SR+WV 0.7951
LT+AT+SR+VPD 0.7964
LT+AT+SR+WV+VPD 0.8031

206.2 573.1 $¢0.0001
205.5 578.1 $¢0.0001
202.6 365.0 $¢0.0001

? The all partial regression coefficients were selected by the significant level of the

SAS REG’s standard (p(0.15) .
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The relationship between the measured photosynthetic photon flux at leaf surface (LPPF) and the esti-
mated LPPF by the multiple regression formula (Table 4) in the apple ‘Fuji’ tree.

A:From the middle

of July to the end of August in 1999. B:From the middle of May to the end of July in 2000.
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Table 5. Coefficients of correlation between the variables. The abbreviations of the variables refer to Table 2.

Variables NODAY  APARTT LPPF AT LT CO, Rs SPAD Pn
NODAY 1

APARTT  —0.1042** 1

LPPF —0.4064™*  0.0502 1

AT —0.0448  —0.3404™* 0.1831™* 1

LT —0.2499"* —0.2813™* 0.4518™* 0.9155™* 1

COy 0.0628 0.0823% —0.1252™* —0.2462™* —0.2846" 1

Rs —0.5767"* 0.0338 0.0064 —0.0499 0.0811%  0.1053** 1

SPAD 0.7255"* —0.1439™* —0.2033™*  0.1796™* 0.0093  —0.1494™* —0.6003"* 1

Pn —0.1331"* —0.0795%  0.7181™* 0.3156™" 0.4291™* —0.0806* —0.2796"* 0.1237"* 1
Zi%E ¥ and™ : Significant level at 0.1%, 1% and 5%, respectively.

WZHEbHL LT, Pn DKREL LR P BEDVEHEE 20Nb. EEOLALITF R0 Y ITOIEKRGIE, =
o, R LTHHERkEr-72 BETHA). 7 EFMEECLBERSKROEBRICIV2ZVETLAS
OHMHE LTERE PPF 25K EWVWHR (B 5 WITEH) EMRRAEENTAE (LR - JEE,1982 5 LA, £F
DERBLBEEROERE ET7NBBLIUC), BLX F). ZoOEI»ICHGRES L USREOIFROFEIC
CHEOENICL S PnBEORIITEZ 5Nz, ZOFERK L5 PnfEOBRY bFE2 o2 (AH - BH, 1979 ;
DO—D2L LT, BAKMELELEEVIERIELEE IR ff4K, 2000). WTFhICLTd, b
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Fig. 7. The relationships between the apparent photosynthetic rate (Pn) and several factors, namely, LPPF (A),

AT (B), LT (C), number of days after full bloom (NODAY,D), SPAD (E) and time difference from noon
(APARTT, F) in the apple ‘Fuji’ trees.
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Table 6. Coefficients of variables (R%) , residue (Re) and F value (F) in the multiple regression of the
apparent photosynthetic rate (Pn) using all variables and their powers in the 7 combinations
of categories of the variables. The abbreviations of the variables refer to Table 2. Their for-
mulas except the one which was adopted in the remote sensing were omitted.

Combinations of categories of variables R? Re F Significance
NODAY+APARTT+LPPF+AT+LT+COs+Rs+SPAD 0.7723 4.703 166.0 £€0.0001
NODAY+APARTT+LPPF+AT+LT+CO2,+SPAD 0.7661 4.768 160.3 £€0.0001
NODAY+APARTT+LPPF+AT+LT+CO2+Rs 0.7654 4.767 184.8 £€0.0001
NODAY+APARTT+LPPF+AT+LT+Rs+SPAD 0.7597 4.826 179.0 £€0.0001
NODAY+APARTT+LPPF+AT+LT+CO, 0.7572 4.851 176.6 £{0.0001
NODAY+APARTT+LPPF+AT+LT+Rs 0.7538 4.878 205.5 £€0.0001
NODAY+APARTT+LPPF+AT+LT 0.7452 4.965 196.3 . p<0.0001

Formula® : Pn=0.8477NODAY —0.007798NODAYZ+0.00001965NODAY>—0.006691 APARTT
+0.02743LPPF—0.000008731LPPF2—27.77AT+1.001AT?—0.01163AT°—

0.06943LT%+0.001209LT°—103.2

? The all partial regression coefficients were selected by the significant level of the SAS REG’s standard (p{0.15) .

(B 7XB), KiEAE < THIEM PPF 2/NS1FNiE Pn
fElZhEWEZHIcTR Y PERERE, MOERDE
BREE L ThHoN b, &K LTo#rkE L,
FIZIEEOFAR Y PR 0L HY (7 REB
XUF) , IhSDOHAMARDE 1T L7z,
3) Pn OERRR

FEO Pn EICHT A2 ZHEEORBKRIE, 20F LS
ERNTE LD -7:0T, JIEEOHEELHAEDYE,
HEMBOIREFCOREELHHEAEHL LT, PnD7
BOERFHN (Wb BREBGERDE, n=648)
#7072 E6FR). ETOEHRTHAVIHER, F5%

13 0.7723, AHo#EELmAZES, ETLOR—E,
W PPF, KR, FEHE, CO,BEB L USPAD IZL 72

WEOEFESEIL0.7661, EHOHMZmMEAZOK, E
FLOEZE, R PPF, KR, ER, COEEB X
O RILIEEIRITIC LB & 0 F 52 0.7654, BHO
HE A mMEBZE R, EFE0BEE, ¥R PPF, 5,
IR, JILEEERITB L UTSPAD I L 2B A DES R
13 0. 7597, BROSH Y MEAZE K, BT L OREH
7=, W PPF, KR, BEBL U CO, EBEIZLZEE
DEL5EIZ 0.7572, EHOHBE L WBAKZHK, EFL
ORIz, ¥E| PPF, KR, ERB X ORILIEHEEET
WL EDEERIZ0.7538 Tho7z (B6FE). &
LICHHAZH A WHZEH, EF2o0BME, ER
PPF, KiBEBLUEERED, WTFNLAESICAFTELE
BICRELTCERBSTNEZT-ER, F5F
0.7452 & FEC 6 OERYFAMERICHERTEAKEL
KTda2lidnidol (B6K). WTFhoBagd,
EMRERROEEAKERDL 0.01% T T, £2EMEROET

DRERARIL SAS @ REG 70 ¥ ¥ ¥ DR EIFHRE
BT B REER A BRI (p<0.15) 2R L Twiz (8
63). B, ENREAOTBIITREIZTELDT, &
6FRICTVE-P VYV UYTIRALAEZDDE ) 2R
L, BYHIZEL7-.

COERYFR TILFHTE 2 WER PPF Of25% D
EEx b0 TERIE, AT L 2EORGHERED
BfkzZ, BIUOHEEE (L1—6200) 12X 5EETHAS
EZEZOND. LI—6200 DF ¥ YNIZEEBRA, T2 &
A, 10RO Pn fE% #f 3 BFEAN - 7254,
HEHEDBRIEOEREIZL o TIE, HAFERNSA TLF
Y VSO RERT AEREOFEIRREDHIER  (F930%
B) CELL%5Y, A—ED 3o P BHEMED R I
L mgCOs - dm 2 - h ' DEVFEL LI LD L. F
7o, BoftkE FEE, rou v VigE, SILoikeE
L) RAEREED 1 BH 5\ ITERO BENES
L2 PnfEDENBKE W, LA ->T, #@F, Pn
DRI H /2o TE, BECHEL, FHT L0088
ThHsb. LrL, BERIESTICHVA T -7 3@ 4 08
HECHo7. RO EEEETL L, EREATH
T &%\ Pn OEBEOK25% D5 DMBREENS
%0, HEEEEFLICEOR D I2IZIZRSOEE O
THELOLEEZLND, ERYFRXTHE L 72 Po fHIT,
Whid, BUAEOTFHEICHYT A LEX LA,

D Eo#ER TR 2 BEGHRESHC L D EEllET
X, 2. TRLZHFET, TTRMICER PPF 2HEE
L, ROEMET, ZOHEZER PPF ICiNZ, EFRDIE
mAlEE, BEANRICE ) AFLASKEOBMES X
CEEH - BAERE 2 HWT, REERED Pn 2HEET
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Leaf temp. Solar Air
(LT) by remote radiation temp.
sensing (SR) (AT)

Y

Regression formula for LPPF using
LT, AT and SR

. |
LLPLJ / NODAY // APARTT /
A 4 \ A / A

Regression formula for Pn using NODAY, APARTT, LPPF, LT
and AT

Y

EI

Fig. 8. The flow chart of the remote sensing of LPPF and
Pn in apple ‘Fuji’ trees.
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Fig. 9. The distributions of estimated photosynthetic photon flux at leaf surface
(LPPF) of the 13 3-year-old branches within the two apple ‘Fuji’ trees.
Numerals: Mean LPPF (its standard deviation) at the noon on July 6.
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The explanations of the figure refer to Fig. 9.

Fig. 12. The distributions of estimated Pn in the morming on August 9.
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