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Abstract

Most of vegetable seedling nurseries in Taiwan adopt plug tray system for

seedlings production. The proper water management during the seedling nursery is

important to the growth after transplanting. In order to ensure the quality of the

seedlings and to improve the production after transplanting, the water status of the plug

seedlings is necessary to be monitored and detected. Several kinds of stresses such as

water stress may affect the growth of plants due to the variation of photosynthesis and

result in the changes of fluorescence reaction. The status of plants under water stress

can be assessed according to the response of chlorophyll fluorescence. Therefore, the

technology which can measure water stress of plants is needed for irrigation mangement

during seedling growth.

In this study, a multi-channel fluorescence spectral imaging system was developed,

which consisted of eight sets of blue-LED fluorescence inducing light, a multi-spectral

imaging system with four CCD cameras, and a dark chamber. The control and analysis

programs of the system were programmed by using FXGPWIN, Visual C++, and

MATLAB. Filters with four wavelengths, 460 nm, 690 nm, 720 nm, and 740 nm were

used to detect the fluorescence emission spectra of the leaves of cabbage seedlings

under various water stresses. After measuring water contents and water potential of the

leaves, the relationship among them and the indices of fluorescence can be found.



The multi-channel fluorescence spectral imaging system was proofed that can

effectively detect fluorescence images of seedling leaves, and then get maximum

fluorescence (F.,) and steady-state fluorescence (F;) from the fluorescence quenching

curve of them. Besides, a novel fluorescence index (dynamic fluorescence index, DFI)

was developed in this study. With the proposed DFI, highly correlated data (r = 0.944)

and low standard error of estimate (SEE = 0.286 MPa) to the water potential values can

be obtained from a single channel around 720 nm and with shorter imaging times (170

seconds). The coefficient of correlation reduced to 0.861 after eliminating samples with

high water stresses, indicating that DFI still has high predictability under condition of

low water stress to plants.

Keywords: Fluorescence imaging, Fluorescence index, Water stress, Seedlings,

Photosynthesis
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el

WE R o EE2040 B8R ERE 0 AN BB A FRRFR G

A G 2 F AR A0 Visual CH 5 AR F BT SoE B 4le L 8 AR CCD
F P AP ¥ fds BB+ AT e SR 475N 0 002 Sepera-Lite 4.0 & ;8 R A3
2 Active X i 0 BV R E 2 k£ R BRI po Bzt o o
Fo BLE B AR - B EHE BT R @ AR R R
Fhb-BRRmgEPfeote 1/t 2 PALREFCCDHF IO LE 10
568 fjdn #E2 Fp PF > PLC 1538 RS-232 4 & 374 £ % LED % RB > H Fx i
Wk ARG @k ok LED BETIE > ST A4 F ko e L CCD #2884
BT B BRI PRk kR

FEBEAR CCD HBH1L 6.5/ fyenid B > 5 BHAREYF X2 FFF LY
G2 dp e Lo B OIEET SR AT R 2 frame by frame shF AL @ 2 50 @
BERGFHII N PHEHPe B2 REFRK PG VEFRED Sl

SR P Y S

23 ¥FRPETHERZ BT E A 47
2.3.1 ¥ kg eauE B

Bk kg FOplE R kg 54 47 & (GER 2600, SVC Co., New York, USA)
4ol 2-5 97or o FReR B EH T REF TR ER > M R REd FE LED
PoTcd (s TAL 2 ¥R EFDFN - ZRIETHEF RLFP G > LEEL
LED #fijcs 2 % K7 11t & CCO B2 B X F K0 jFd 2R %2 2477
@ﬁﬁﬁﬁﬁi§%%ﬂ&51&ﬁ’anﬁ“%%&x@:wi*gﬁﬁ%
BEY o AR i 2 FXLLED H ¥z LR 5 430-530 nm
FEXBM TS ERIET A2 660-800 nm 2 ¥ k> & 11k F 5+ A 5 % GER 2600

FI# B RBRIFE Y~ o T T BT IR ¥ bk o AL 2 ¥ kIR fHata 4T
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% GER 2600 ®p|ts » mAs KD 2 ¥ kigsta £ B (4-B 2-6)-

Wl 2-5 %3554 4 &

4@ 2-6 2 % K iF 5+ic & B (Hsiao etal.,2002) > H % £ j¢_660 nm BF 45 0 §§ 5
o AR 40 ) 2 690 nm e E ¥ K S R EHE T 5 H B > 3 740 nm
Feeo FO%Z WBLE NI B DX 780 nm F RIR G BB 0 0 R 2 - e Y
K% 2w ARy %% (Chappelle et al.,, 1984a ; Chappelle et al., 1984b ;
Cervantes-Martinez et al., 2002 ; Corp et al., 1996 ; Subhash et al., 1999 ) #p 2 o %%
& ik B 2-6 22 690 nm ~ 740 nm A B 22k B 720 nm ek £ o0 B f i iE ok

LB T E X sk g
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1000

—_— Total Chlorophyll Content = 0.152 mg/mm?
Total Chlorophyll Content = 0.095 mg/mm?

—— . Total Chlorophyll Content = 0.074mg/mm?
800

800

400

Radiance (W/cm"2/nm/sr)

————)I'-——————__.

—
— —
200 T =
~
P ~ \\\\ha____ge
.
I 1 ~—
1 | \""-n..____._.ﬂ
0 [| |
720 740 760 780 800

Wavelength (nm)

B26 2 FEZKZEZE2HEw ¥ %E3¥# (660~800nm) (Hsiao, 2002 )

2.3.2 CCD R ip| % & 44

AFT T ek chiE B (CV-MS0IR, JAI Co., Japan) % ¥ ¢ 7 CCD #84
BB B4 SONY 2. ¥ ¢ 1/2757 EXview HAD CCD™ & # % 6.4mm (h) x4.8 mm
(v)> b H R PR F AR £0.02 lux 7 27 CCDO B2 R RIBF &
F (4oB] 2-7 #5502 FFET 700 nm T F AR R g Bl R (> 80%)
H@WF P RPIAED T 0 i AREHFARR - f’ﬁd Fitendh 477 18 oa A
EFRBAR DR PR RAGEAY RRFRGREEF > & ATEd D Rk
ko EHA BT R L CCD #R2 gk g R0 I 5 Bl 2-6 F k8 ~ 5k
Fooo TP iE 2690 nm ~ 720 nm £ 740 nm F = fAL B G e S ARE > R =
By kPl i & F LED %k £ 460 nm > £ iF R4 5 460 nm
Zops o Bp I AP TR REFFERHFOTA O FIEEF R LFL A
FI AR AP M 0 X EE Rt N NE R ha 0 F 2 460
nm gEpFEEFRGRTEGHF > FLFEAESTHYLRREOER HFA
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HoBis kR B CCD #4582 4ep + s 460 nm ~ 690 nm ~ 720 nm £2 740
nm %z fak B o

1.0

0.8

0.6

0.4

Relative response

0.2 1

OD T T T T T
400 500 600 700 800 900 1000

Wavelength (nm)

B2-7 kEJFFB2ZRPIELIRDRE L T E

233 BB T

PN R KRG PR L T N E A AR E Y REEYY
RETHOF A FF P FRE TR DD LR GRS ORI 22 S e
#1 o Flet 2 Matlab 175 4238 B A ot & 0 RS 0 P BT RAFY Oy
LRFF o I AT E 2 BFE B A Y LR s 49 - KR
¥k R RIS AR Ao ] 2-8 F1F o £ e T 0§ A E - B A 690 nm

G — SR KRR o A B R £ 35 500 5B 0 B R A 690 nm hd Sk k¥

g

L A AP B2 B R 0 3 0 S R (Otsu, 1979) 5 45 g
PR Y G R APE E S R A R A A R g TR
RGN FRE > BFF R LR A460nm B nE P oo o B IR A

690nm4—55 -/JD-JL:P%,‘? ili"lij\fg)i -‘pj&_d-ael—‘;é—]—; c«c; °«f§-¥-ﬂfﬁ§}3§-
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HPrHE A 720nm 740 nm A EE TR IR E 2 3% o b - BHRATER
o BRFIHFBHRAFEIGEEARORIL - E ~ A 150 BT

AenF PG a AL BT EAF A PR L ¥R S

v

OTSU value calculation

Spectral images of the
seedling sample

v v

Search the maximum Calculate the image
gray level amount of mask of the spectral
the spectral images images

| i=d

v m=1

Read sample image
number m from i nm
spectral image

v

Calculate the leaf area
using image mask

4 4 ¢
Average gray level

calculated in the image
mask area

m=m-+1 i=i+Interval

m=SampN -1

Store the data and finish the
image processing

Bl2-8 5 Lgd ¥ LR 4 4TI AR

JE - B AEEY LBGIH T o Matlab R RN TR B B % 4o

17



40 80 120 160 200 240

B 29 - ‘agih? HEz2 ¥k s HE (H > Gray Scale)

24 RE TR X LER R
241 A %G

AFETET AL S ZEEL - 0 0 AT AR R % Y
EodHEov 282 1525 ®p p2HRNE TTyHmy ¢ #iEr 8 g
AL FEFERBRIERS20°C/25°C (/P ) > AP¥IERAR S 80% (RH) - & %

FEIeEL21 % BEFREFTY o
242 REBRA

22 &R o SR RRFRG LR T RATHEFFER

oo
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243 958%™ 2

P ERAEE R G 20 A 0 R LR R B A
Do AR ER AR NY ks A2 ¥ KA CCD A 6.5
SE/F)crid B A4p 3 300 £ 0 I A B O T T Y 0 B D e ke

TR AT g P T SR N SRR M G H -

25 $% 8
2.5.1 A= H Eu Ry X B 5
JU* ez FE FREBFHP Y LI T U ITSE T ko £
¥R R ~ A 47 o Bl 2-10 #7705 BUER fip s BRI IES 5% 0.5 ) ~ 125
F) 250 5Bz FHEFF LR G o B 5052 EFEFHF LB HS 2
500 R B TIBNER B o d B 2-10 7 2 F R PGP e F R PGS
Tl NEFRS SR e 0 EEF FCEB R R L IRERF AR -
Yo 2-10 57 5 ¥ kBT $as B dp B M G F > B RS ¥ kb
B ATE R Rk B Fp % 45 (8 10 58 B2 ey Sk B35 22 A A 58 B en-T 558k
M Foo 7 R PRy RP G TN R R AF T TR S RS 5
Beif kLB Pl A (8 o it % % BT & Lichtenthaler and Miehé, (1997) % 4 *
BEHOEYZH G AEFRRFEED02HIIIHLIEF > ¥ LS E (Fn)

AP ESEFELFHERSL AEFHSAS L LEIETY ERE (F) o
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Fm

0.5 sec after emission 125 sec after emission 250 sec after emission

B 2-10 d H L ifp RITE 2 540 REPEF A ZE

252 A #H Eu iy RiEAL Y AR AT

B 2-11 #7517 5 690 nm ~ 720 nm ~ 740 nm = 3 3f FpP~ 0 L B2 o SR e
BB s AT E RO RR ALY R d BT R ZEF R LA M
BREF AR HER Y - R BERART RRAEFTEEREF (AR5 054) T

FEFRTIBAR R DB S E 0 2 (5§ IR kg > ¥ R

.
bet]
)
?.T\:;
N
NN
DS
-
&
%*
Es

B T AT AR o P2 LY RAL B g R R
FOUGRM A AR AR R R 2 B R o B FREE T o

B ¥ 690 nm ~ 720 nm ~ 740 nm ¥ = %% L4 & 0 2 690 nm ey kR T 35
S B NAILIRY A iEd RF 0@ 740 nm — B he & By kBT 55 & & 720 nm

BoRE P XK 140sec = LRI 720nme ¥ = GE A AR T R R

- R A IEERFELR BV URP > ¥R AP T - -
T ko mAFAL LT A2 ZBHEHEOF PG RRES A
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AL TR EITR- AT ] R o

160

140 -

120

100

80

60

40 -

(9leog AelD ) g I o 5 0 e Wk

20 4

0 50 100 150 200 250 300
B (sec)

B 2-11 B 7 k3 “’lcﬁ/l'g\,; BAPRE R AT AR Y RIRL Y M A % B

2.6 %%

AT XA SRR R B ORI 2
2 ¥Rl ke R LED kiR ~CCD Bk & ~ ks - 3 2 2
FIEA g RERLTAN TR ARRARMNIISG » e B
Bk SRIB TN R S kR 2 B 5 i #5460 nm ~ 690 nm ~ 720 nm ~ 740 nm =
BRAEZFEP G REFRBRARY 7T 2 PFFfEITR o & 32 Visual CH++
RNEBT L TRFF REEP IR E 0 T R ¥ R R T
HH R R B R P 2 Fo2 ¥ kbR o g ERETHRE PR
et E BRI R R EPF iR P A A R AHR Y MR- B

ERPRHIE U ERETF LT -
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)
I
v
-\
¢
Wi
&
s

o
T
g“l;]'
:n;"‘\_'_
at

.
¥

>
7~
48
(\x.
=
=

MREFET R FREATRES > Hk P2 BT L8 &%
3 i & w Rk >3 8 o Lauer and Boyer, (1992) 45 & % 6478 184 -k 5t ERAY P
ok BEETET g IR FE L (1999) 4y o KB chi ok § R
g AL HE S L E 0 Immd LHE kBB AR - FE A
(1999) 7 3|k & 8% $30-R 6§ A WAL © £ & 8% X IR 5 58

FAEG 0 AHE R CERFIOF Y AW ESMET L A
FAZF LR e B i R ESEN D fERPPREFY B AR

TEEM otk (1984) 48 > F 2 H R EBHE CRE S EP R Z R €
S FEPERUE  EP kPR EAE T BUESRLEAR > kLU

FAEBEN 0 2R RER L S ORI FE L TRk PR LR

]

L
R
N
b2t
R
Lo
Tk
i
-
Ag_
N.

Rl BT % o Am R HRAL LB FLT

@
SRPEAERE AL LIPS vk @k G RS > H

RavER WK PR 2 PR RIP s 2 A IR SRR I
B E R A BRI TR E P kA F kAR AL E Y
1 i

iﬁ%\akﬁ*%imﬁ’vu%duﬁw@%u”ﬁ%gﬁw,&ﬂg

FAR2Z P FIF LR E€GHLBPERFEF L EFEY -7 3 FERFF 2

wx

ﬁ?

¥ k55 R en%g it - Barbagallo etal., (2003) 1 #* & R Pl R &y ¢ 2 5 R A
FREAMELLLEH D R EHLE Y ERELFTEF RN ALK
Bl s  wHAFEPHDLIR T I RPETPHALE - Flt > 27 R &
itk 2 Bk i T AEOR P F RPN R E & Ly B iR

YR AR E 2 AR
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Lang et al.,( 1996 ); Lichtenthaler et al.,( 1997 ); Cervantes-Martinez et al.,( 2002 )
EARIF AR DR R R B TSI TH 2 & 8 R4 1 Michael
etal, (1996) = % J P ErRFILERES > LEE? FHFE2HE LI P2
A E 41T UV-A (A E 355nm) s 0% S5t k2f > S % Bin d % ¢ FE K
raad 0200%% 3] 84% 0 H ¥ K FHEF LG o m ki ES L 82% -1
MPF A SR B¢ FEDFEFF LRI L BEEFZTHF LGRS o d FEP G
s T R Koo A& F R 2 47 B/ (F440/F690 )~ E/i% = (F440/F740 )
B i- TE R EARMEH A o B HEAESEF Y K E (F690/F740 )
£ % 0.4 7] 0.6 2. ¥ - Lichtenthaler and Mieh¢é, (1997) f1* 2 #gehE * 5% % - 5§
0B 20 A4 BUL S AT 0 R BT 0 fpcs RRB A 02 HF] 1 fy
B ¥kdbri (Fp) A4 > P ES 2§ LBFFRB o g 5 M4adrfE
weng R (F) 0 20959 el % d (4 200000) @ Gk 8) 5 Aao 117
£t WA ESEF LA o8 £ % (Rfd= (FuFy) /F, 2 Fu/Fy) &
FBEY ML 4G Ofa)  dg 2 0 (05§ L Rk AWE & & B hpr F fRde

A BRI RE A RAEE A RERLF BRI > NEFL TR

FERETTREP D ALK AFET LN BN REy kPR
Wl FE- H2HFEHEFT AR RUS - FFTTER RS AT R

BRIZF A I PR KBRS ERETREFATHRA > fI* e 2>

\4

Poif 5 R R S B AT R LR R A
ol Ba¥ kbR EEFERET Y AEGE LI E kPR BT
Gz At BT RE KL KD RR R LS RE A RE Yk R
Bl B P R REA % Fo/Foz 8 5 e ERE i k2 Mt

T E RS T ORF ARG -
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32 #pte sz
321 AR

AR FREVERRIFLERA AT v HREv#E 1522w
oA oA A FirER AR BFERS 2025C (R0 )0 BAR 5 80%
REFREREA X > F oL 1ITAF Bl EREv s Res ks
WA e ak ok R Bt o B A B aAided 341 4T o B 40T L LR
(RE): 2ot ¥ 888 HERLUTHEKRARBA EH NP2 2> a5 p
B RME A PR 2%k AR AR RITE F TN ERE T KT
RGOk AEx e e HY BAEDSMES p Ak ¥ 83y
$£520% i bR ] X cEBEmSEE p Ak AR 23 F 5 E L 193
bk 2% oBC Mk ¥4 1 % Fu#s 183 gkl o
ED i ik bk 42 « f 585 21 2 PRt F8 ] o FRATY kR ke

FAded 3197 o B a s 21 AP B R 10k £ SO BEF IS -

% 3-1 4 ERE i{’p‘:‘ xR EIE P A2 4

Sets Day15 Day16 Day17 Day18 Day19 Day?20 Day 21

RF Normal Watering
EA Cultivated in the Normal Watering W. C.

phytotron at Start
EB National Taiwan N. W, W.C. Experiment
EC University N. V. Watering Ceased
ED Watering Ceased

322 HER R
AFHRYDRBARA L (1) v FemgFa Ezz2FH i ¥

LkFR G p s HAEY DY ETRREYEFFERFF L2 F G A
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Fraedt o (2) T34 (FER E£%i»F "2 BH-600) £ 4 (Memmert ;

>
N,

ULM-500) : #=1 & - § FREvHRAZHEEL 2 CHEE B 48 | 204

TR ERARAZ T RS o

-
P
()

8
|4

ik
&
(\n
SN
=

e

&=
é.<
e
4
™
<
o
‘“:\.
3
-
bt
!
N

TR ER o F AR
HE2ZRETENR TP HER20 248 LITENBGFN 0 50 RN

-j‘ﬁ{_"’;l » T ,h,‘:;_l__’;gj;ﬂjgﬁ& , @__'E_/?'Jﬁ f"z‘,“,",

\\\

AEFR PG HTETRNEA
RE -POHBESNAFFETI ]I EE B TS 10%RPHLE(H65F)
ERLED e ki THE UWEpFET AL FR Y P2 BRI 6.5
SE/fE RAFFRT 0 X BAE R 3pHES005% (ZpE ka2 10%F ) F -

BARHipdEr BIEE GF 300 7 B2 975 F R GFTHET 3T AT o

3.2.32 ¥k LFHP gL

ARG R 242 & 2 B HASTARN o B & B R 4
If ROoPEFHETET=Z BAEK (Foonm -~ Fpponm ~ Fyonm) & BpF7F 2§ &
SRR TR BRAZFRFLY R o FRIE LY REF BEIpA TS
BiAzZ FEEAE (Fp)s & 10 BBy T oE REF Bk A2 ¥ EETE

(Fs)°

3233 A ZKEF 047

HEwESHR»ZKF 2R AR Ceccatoetal. (2001) 07 2387 - § 4 &
FESBRGRAREILE G T IR FRRE BRAAEEE (RE ) L
FHRAR PR L 65°C SRR I A8 f B I L BRI sk £ o4 [
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R EEE BRALBRAS KT

HEL

¥

EEEREE

[2 5% 1]

b | &E

W\

-
3\

33 2%

%

Tl

+
33.1 #-kpd®e 2ok Fant ik
HEDHRGES b X BB RAagnis > RREEE R Z-RF 4ok 3-2 9757 o

232 PR HREEHREZ HFyE P TR Z K

L

Comparison
Sets Set(RF) = EB EC ED
Treatments Normal WD, “WD, “WD, WD,
Water
Content(%) 81.1 80.3 66.5 48.3 13.3

RF: The reference setofthe normalwateringtreatment. EA: The experimentset A EB: The
experimentsetB. EC: The experimentset C. ED: The experimentsetD.

*WDn = Water Ceased forn days (n=1, 2, 3, 4).

*The environmentin the phytotron is Day/Night=25°C/20°C, and 80% (RH).

#7 RF 842 #ibkmien] s« e - EA~EB~ EC~ ED & 6]
£9% AB-C-D2w 25k *WD, ~ *WD, ~ *WD; ~ ¥WD, A 1] % £ 4 -k
FdE 1~2-3 4% od £¢ Fio HRERF 2P % is il k- X hEA &
A ez FR T kT A w5 81.1% 80.3% 0 B Bdy vk AR o ip A F) 5 A

HET TR FA P ok F ERKZ B o F kS X EB
5 66.5% Rt WIS Lt E SRR A ke B

v

Ak
e APt TR G AR cECED A Eaui k= 2B 2 s HF

B 5 okd oA ul L 483%% 13.3% 0 B Bedh P BETE 10 BT 7 Ak kenlingd o A0
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X 12 ED e S idEa ke R ALY ¢ R EAREE PR G oKL L

WwiE A AR o kFH i EV By Py g kirEm iR ki ira

-

Hf Y Fo @ kR R 2 EHF AR F G SR Y R

TERENEE S S5 PR ER P A St

33.2 FokF ey kiR bl 4

Yol 3-1 47T R T B R RILGY Fu E T RATRRLE SR F LR T
s B B iR R 2 B A SR o AR B2 690 nm R AL TR 0 d Bl ¥ kR4
R FHEY R AR R PR RS SRR T T ER A (Fn) Ris ik

Ao RkBR RIS BT AR Bt ERAE R (F)o

180
160 4 RF
T B OB === B B EB
A 140 1 | o EC
2z
B
1% ——— 8
7 120
) y o
1% _— ]
2 100 -
B
. 80
)
£ 60 - T —
)
8 40 -
D || N e T e T S ]
p—
20 -
0 1 T T T T T
0 50 100 150 200 250 300
#E M (sec)
Bl3-1 2wz ¥LPGTHOBRETMHAR2 2 ik
B 3-17mgdiie PN EIE AT R Ay KR LW ARE LA 2 g At

TR A RROHBERF #8 kEIL- 2 HEA B2 Gk A X S EB
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o Y I EFRLESRPEBAF O BESEEFPE IR ER S TG
kg iEr > F L faw g ARk B0 0 ¥ RSELY &

PEREFFA T EFE (Fn) 6 BT EREERTEDET > BT IE

T (F) ekfs o B9 W RFE EAA EFEFid M chd F /I - R 7 &

L EE O GEFEA EOES ok F Ok (RF=81.1% ~ EA=80.3%) - @ EB

EFEFRF L OSNERY Fv HREAESF AR N2 o n - 2o d §3-17F

PERBEALY RMAOTRERRKR NS B ARE - o B8 G4 kZ XD

N4
TI!\L\
T

EC &> AEehz k& 5 483% SR A v B2 ¥ LB RE > ERFL 2 S
3 do¥ - Fenfi A o @2 F ke A chk R FER S T F F L
G S d RMTENH R P RSB B - BRI ERRDLE o §

ZH ek X hED o AEehs kR G 133% 0 ¥ kB GIREL W BT

BAEEEf FESRERNTE TR0 R A4 Fo i RkEs
BAERFHERAI B FRAFIFNEFREEY C UREPPZERR

FerdEv e HETRDESFEBE AT I M 2 FRSLI R

BESFELEF M T THREF ZRFEFRSLY AT R -

333 5ok s @AY LR
Lichtenthaler et al., (2005 ) % Lichtenthaler and Miehé, (1997 ) 4% 3| Rfd £7 F./F,
VTR F kgt DAMES NRERREF AT AT I TEEP2 F Rk
F o VR IR & Fo/Fy % § bdpthidic® - T E P ok TR FRMEE
A o
BRAEEY REE CHERHELSE BRAT A B FF] 690 nm ~ 720 nm -
740 nm £ 7 F i B G A 500 B ¥ R 4O IR R T A X A A

)
=

-\

Frnode & £ F8 81 10 By KO TIOE R FETEF, > 4o 3-2 9777 »

Wi

L
E
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FAF 2582 £ Rfd & F/Fy 2 8 o

= 160

% 140

%120

% 100

% 80

i(; 60 -
3 40

© 20 [ ©
3

L2

0 50 100 150 200 250 300
344 5 1 (sec)

Bl3-2 # kP Piordd s Fo2? For & B

EF RS S RAS DEAFLAPBALA AT > 2B LY 11690 im 2 1
50906 % A i o B 3-3 5w HhE #0690 nm it £z Rfd ¥ kdp4her 7 k5 2
B B o HFERIC AR 5

Rfdagoonm = 0.04xw thE ¥ 7 k5 (%) +0.0629  [25% 3]

bg ke Fo/Fod e lici g EAa e 2/ Bk E Y 4 12 690nm 2
B 0.906 % B id o F]pt ¥ ou A K 690 nm 2. Fo/Fes i RFgplw RE ¥ enz k5o
HAgp s A2l 5o

Fi/Fsagoonm = 0.04 x5 H%E F 7 -kF (%) +1.0629  [25 4]

e

o Ry RE S F R TN R 2 RId 2 Fo/FRRITHRE ? 7k
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FEaF/F, 2 Rfd 5 4ple ehr &> ¥ 3% 0.906 (SEC=0.084) &= # 1 * % 690 nm

BE 2 kR T305 B R Fo/F 2 REd > * SRR 5ok S o

6
()
5 e Rfd= (F /F)-1 o
" o F./F, 2,
[1}]
=
1]
> 41 o
3 %0 " o
o Fm/Fs=0.04x+ 1.0629
£ 3 R =0.906 a
o 1 SEC=8.6 .
o o "*
[&]
w
L 24
(=]
=
L
- Rid = 0.04 x+ 0.0629
R=0.906
SEC=8.6
0 L | . . . .
0 20 40 60 80

Water Content (%)

3-3 ¥ k415 (Fu/F 2 REA) 24 E5 5 ok Fatpiie 4 4

FHRLFRGARER IR AP E2H Fv ik
EP o onzda it EEESZ L3N Y M 2a £ F, F~Rfd 2 Fo/F,
12690 nm ~ 720 nm ~ 740 nm = Bk £ 2 F k4 Rfd 2 Fo/Fo¥ki> 3 2ig i
A RS @ars 2690 nm k£ 2 Rfd 2 Fo/Fom @ 3 kdp k2 riEp %
S id 0 39 0,906 (SEC=0.084) 2FT 5 1 5 i F ki ks ply ks
ko B LR N sE 0 3 R PR PR 2

LT PG F AT RS 2 TGRS RIS A R

FokF o HEBA Rk PIM AT > T UREER SEY Ry o
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Frd NELLED ¥R iRz e A Y kRt

B bR2 R i35

=

m\:

4.1

2 RPERFIERPIELFZRTMAFHT -~ EF 2 £ 2 frf|k 8% 5 40
R B %4 A2 &4 2% (Lauer and Boyer, 1992; Tezara et al., 1999; Cornic,
2000) ° -k > B F 4p mﬂ*{ﬁ* REH X S WRER ~cF R - i
FHATEBEEE AT ESF AL SRR E O NE ¥ FORE TSR §
PR ER  RPEd FRLEY g E P ATA 0 Afid e RiEARY d
o A R R ERT R S Bk RIR-E RAE S ST AR ~ g2 R o ki
Bgdakpr s g TARHR ) (saltstress) fr T/33% 3 8 5 (osmotic stress )
R SERI }\m“Tﬁ%ﬂ’ﬁ‘ﬂmfﬁlfkl\ >EE (V) En (F
£A1999) pave 5 BBFRKFERZApIR ol EF 2k PES S a3
kEE - pldpthd P EV2ZARERFVIRF R ERZ FREET 23
BH Y RIFGokixi B2 32 (Jarvis, 1976; Jackson et al., 1981; Hunt et al., 1987;

Hunt and Rock, 1989; Ceccato et al., 2001 - Kramer, 1988a,b; Choné et al.,2001 ) - 5 &

A (1999) dp e de & B Aok B - AR F AL L ERE R L LR

Fend LT ROR LATR o AT A UFIE kDT RY o HE Y %ok
A iE -045Mpa PF 0 R B B PR o RS GE -1.00MpapF s E 3 4 K
Pl 2% Pl4rd]c $1980a 3 5 930 e ek R 2 -0.85 Mpa B 433010 4
FEF AL PG I -1.4Mpa pF > R3804 £ LG £ Bl > frd o
Ra o BHERED 2 ACERAEPHZRE TR TR FEFIE
AT VOEE D Ehp HRE P B LA 24 /) PF(Flexas et al.,

2000; Herppich and Willert, 1995) o 5 &+t » B3 - B eig ~ p B 1 2 LR fr 2

GG 2 TR EH QP AOAT B N ERERFER 2 T2 L ?;Eﬂ__m—;‘r_
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Lk i E F kT R 5 ¥k i % (Govindjee et al., 1981; Havaux and
Lannoye, 1983;Lichtenthaler and Rinderle, 1988; Daley, 1995; Lang et al., 1996;
Schweiger et al., 1996; Lichtenthaler et al., 1997; Lichtenthaler, 1998; Flexas et al.,
2000; Norikane and Kurata, 2001; Subhash et al., 2004 ) ~ ;8 & (Schreiber and Bilger,
1987; Langet al., 1996 ) ~ 4 % (Heiseletal., 1996)> 2 H v Byt 4 £ 2 B4
%)% (Buschmann et al., 1996; Lichtenthaler et al., 1996; Papageorgiou and Govindjee,
2004 ) shari gtk o A 2 F R BT AER T ¥ LS A RAR (Meyer et
al., 2003 )~ £ ¢ w2 A8k & % (Bakeretal,2001) > 12 % 25 4¢ “ﬁ% AP E R

»c% (Kimetal, 2001a)e 1395 ¥ % % ¥ £ 234 ¢ 4 > Lichtenthaler & 4 (1988,
1996, 1997, 1998) # B 7 - 2 PR FR e EE AR R 2 22 > d AW EPIEFRF LT
Bag s S EREFIRZFT L E FRPGEF R E AR 2 g

S HBLT N E R ERAMT

)| (Langsdorf et al., 2000; Kim et al., 2001a,
2002, 2003; Kerizek et al., 2001; Agati et al., 2002; Chaerle et al., 2009 ) - iE2 20 &
& o 4250 2 % b #%F (Chappelle et al., 1991; Kerizek et al., 2001; Mantha et al., 2001;
Kimetal., 2002 ) & & &tk % (Lideker et al., 1999; Takeuchi et al., 2002; Kim et al.,
2003) 5B s g KR o b A G AT AR PRy R Bk A E
it = A2 {7# 31 (Lichtenthaler and Babani, 2000 ) °

AT - B E kAR R S R F Bk B (MSFIS) #/ 8 %
Bz E* (460 nm) LED % » f # M B2 i kiR A @ % v BT FR A

Sk H AP o g 2BURE BRI FREY

{\,

PIT I B ERE T E Y
WARRPHBAEETZESEFE R LRI REE R 2 kSR

A .

AL 2P e 2 LR R Mo 22 - BESERIY Bk B 2
B fik % b dp ik (DFI) - 2385 % kg & L Foij i suig * figiddr 4 oo 2 LED B i
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Pzﬁfﬂ} KR *'\#E“B’"f__;}’ﬂ "ok 27 1%7 3%k o

42 Hle
421 e A5
~FT 3 i@ * 2.4 & (Brassica oleracea var. capitata) 5 & %4 #n 2 g5 E > 3t 2006
#3171 %% T5 53 (Wu-Ping, Yun-Lin County, Taiwan ) B p #5481 2 £ 15 =
2 Fu o B 128 ez RE P o FARY Fu i ARBkBEA X > L pH Y E
B SOt EH AL A N A E [0S s EF A5 e L
EuzZ AL 4 A AR KPER SRk RASEL o Y
BAYERTR A AT 2 A1 FBEp 0 R TEE REK AR RE
B 20°C/25°C (&/P ) M2 p¥ER 80% (RH) °

- HETHEATEF LD 42 A RRPERATE - 2% 2 (RF) &4

d4

RlE-S 422 ¥R 2 B (EFPER ) HY Tu k220 £k >ER
W24 BF%en EA~EB-EC 2 ED*pk 2 43¢ » Aul%a 12232 4
PR K P ERAIE SR PG RASL 4 X {6 X L HE LY

Bh ¥R PP FT 2R 21 %

422 ¥ KPP kA

Aaid 7 (1)®|F~(2)F g K (FIS) % (3) % k38 ik k »e(MSIS)
ZRNoHP md ¢ RR A2 AEHIEEEE Ao o ¥ R ki (FIS) # #
8 ¥ “#(8W each, 3T-B126, Top-Tower Technology Co. Ltd., Taiwan )> % ¥ &% d 126
P X - 4&4 (30 nm FWHM at 460 nm) #rle= » 4| % ¥ 28 4| 8 (PLC;
FX2N 32MR, Mitsubishi Co. Ltd., Japan ) & 73=4] o % kz#8 % st (MSIS) 7 &

BlAcBl 4-1577d EF 4B B2 k&2 41 3 ARFRB(CV-M50 IR, JAI Co. Ltd.,
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Japan) > #fe 4 B8 % &4 Eg (16VM612, Tamron Co. Ltd., Japan ) #fle = o % &
242 CCD % £ % 752 (h) x582 (v) % (CCIR video output, 1/2”” CCD sensor,
8 bit resolution on frame grabber) » ¥ #P=+ (Viper-QuadTM, Coreco Co. Ltd.,
Canada) P % 47 I PR~ 4 5685 (5 — IREW BB KB Bt
T EFAKEFR 0 FRFINFEHRTER LED % 75 cm p L%@ oyt 8 ¥ LED %>t
75 cm FEHEPN 2_ k3 i@ £ (PPF) % 69.20( umolm-2s-1): 3 50 cm B3 p B 5 101.12
(umolm-2s-1) °
Sk kP * FWHM = 10 nm 2 jgst > EREF2Z E% 3§ Lgditk
FHoooPowEhe b i 690 nm ( 690FS10-25, Andover Co. Ltd.,, USA ) -~ 720 nm
(720FS10-25, Andover Co. Ltd., USA) % 740 nm ( 740FS10-25, Andover Co. Ltd.,
USA) - iz * 460 nm jg4t (460FS10-25, Andover, Co. Ltd., USA) #7jE 1§ 2. F &8
for TR F B ATz %% o # % Visual CH-F 3 #5428 > ¥ 4|
MATLAB® 6.5 B % 8 a2 2 42 3% o
Bld-1 ez~ E%AE 2 5 CCD#HP S fripét{c PLC (7 & BESF1E ) -
He (A) 2o BhES PGP LpMEEB - (B) 2 keX i B ¢ 2
£ % LED (460 nm) % e & CCD 48/ 4457 % = uhst (690 nm, 720 nm, 740

nm , 460 nm ) °
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ccD

1

! ."_Eg
LED \/

FILTER
PLC
SN
SEEDLING D
X .
<
4 CCDs with FILTERs
(A) (B)

Bl 4-1 % i % £ 3 15 S(MSFIS) T &, Bl

423 ¥ kBB 47

AR % Fk LED (460 nm) fE 2 jpcd e A B E F kP & B A
L4 B R > F B E LHEB 500 Rz FRPGGE R HE > TR 2 Y
Fo A B i 33817 20 A 42 0w o F X P P2 #4240 333,01 &7 47
0 4 gt o HEE 2000 328 KB BR300 Ak S o

BN AT GRS - PP TR (LY ENREMEE L R ER) B
FHPER HERGRFELEFARFHES S EN FRIZPEFTHAR
MATLAB®#c88 B 3 2. B (AR A2 N2 7 A 45 « B P 460 nm 2o §rif* »t 4 £ 5
WHEY ZAPEEE o AR PRE Y 26 ff 0 @8 FTREEL 47 690~ 720
Z 740 nm § @i o Lk K F 5 H &+ Arg £ 4% OTSU = 2 (Otsu» 1979)
PEBG L RE YEERLRAEZ BHEY c R BHELEFI LI EY R

o RPEEPEY L TR E FREY L AHE RER AR RSN

ot

T
¢
H
-r
i
=

BB 19 2 %3400 S 4.2 457 o
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0 5 sec after 125 sec after 250 sec after
emission emission emission

3

[

3

o=y

(o) /)]

SC

T

paL= Fs

=2

©

[1}]

4

Time
C 4l 4l af AF SES T SS

Bl42 HEEYH BRI i R

Bl 42 54 FEF A690nm it &2 FRPHABR L8 o 2FT ¥ k¥
kgt (RfA)» & &9 chfpity i R A4p R E P B 230FE 6 ffent o
o Brdp i RId 2358 2585 Rfd= (FuFo) /Foo B¢ Fo 5 ¥ %5 & chid 4

B F 5 Aid 2 Ak IR TR i cnT 33 (Lichtenthaler and Miehé, 1997 ) »

424 -Ki>EF g P

B LEGE Y Ea AT - 87 HE Ok AR wORE 32 C-52
# 5k >Rz 48 (Wescor Inc., Logan, UT, USA) i £ K (> B4 R & (HR-33T,
Wescor Inc., Logan, UT, USA )& BlH v £ ¥ 2 KBS 4B 4-3 2 B 4-4 #751 -
RERRGRRR Y w0 FANE MAHKBRRLIBRFZGEE R mi
A s B L BFRPRER (HR-33T) #1222 Wescor AC-050 fiz i+ (Pico

Technology, Ltd., UK) #8838 41 2 3 8 o C-52 $% &k i I3 4030 3 s o
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4 BAENEIR (23~25°C) 1A B RERFIETH AN RF KM
o2 FRle AP HAY Tu E FHERY PR n&a@gxﬁ;_@ MFTILRBE B TS
mm 2 A5k A £ R RERFRRERY ERVKGES <50 BE FRA DL
LI TEL2FE R 6PN RIER o d - T #F 8B CO2 R EK
BlEEf o 24 R T B BB S0 B A 2k R o BBk R 2 RS o 1
fI* SigmaPlot 10 #c4# (Systat Software Inc., San Jose, CA, USA) 4 47 H 4y fic %

FEd S

Bl 4-4 &% CS2 S kPRFEHERY Eo ¥ ¥ HRA2 kiR

43 B % E34H%
4.3.1 F KB ik B B

B 2-6 2.+ Fu ¥ &k (Hsiaoetal.,2002) » 2 & s 3L R 2% BT
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R FZERB AN 090 740 nm 2 B L E R E € IR F 2 F K o gtk
g2 ¢ * & ¢k sk (Lichtenthaler, 1998; Langsdorfet al., 2000 ) # & %+ (Kocsanyi et al.,
1988; Heisel et al., 1996 )ijgcaf T (F 2 Sk Apiiem A By 5 & % FHE2 7 LR(F
ko~ FgE kR Z %k ) 'L E® kR (Lichtenthaler and Rinderle, 1988; Buschmann,
2007) » e GEBTFEFRAT P e SHRI i §RESFFREL LR -
TERE W G R ZBRER O HETES A T UF SRRSO TR ELTG

RFRPRTHEE] P RFERT ALY c FHERETEFZF R
i * 460 nm 2. gk LED % # e * 4 ¥ s (460690720 2 740 nm) 2. CCD
BRI R B Gen 2 > RS FoRE A it o TRE KK R Rk

CERES LELER §2 8

43.2 B’»x‘g\fr?ﬁi@

FHRABF20AB®AILS > L REE B ¥ LB ST Rk
A 2. B i w &JZ (Lichtenthaler and Rinderle, 1988; Langsdorf et al., 2000 )
dom Arit 2. 2 E AP BE 4 e B (460~ 690 ~ 720 2 740 nm) 0 2 F 7 500
SRz F KR 500 k2w 10 %k 5 Ao Dy k2 B F KT R AR A 2
s FRE Fpe #73 Al OTSU 2 2 -2~ g B AT FEwF > @
Erz Py REFPIFE Y 20 0 175 kP #AERE (ROD) -
Pl gt E R 2o e ToR s o (F5 A 47 Rfd 22 DFI 2 * -

Bty FRERSF (RMA) GRHEF 2. 22Kk 5 > Rfd & (F-Fs) / Fs
B HP Fy 53%ck? 25X ¥F LB >FRSEEREEY 2 §LE
(Djekoun and Planchon, 1991; Babani and Lichtenthaler, 1996; Babani et al., 1996;
Buschmann et al., 1996) ° st 487 o FEM& & X500 A2 335 KT > L fut

E B A R T ORI K R AR A AR T L SR R AR R AT

ﬂ}
S
|
5
g
Eg}
\\\?{r

Boo T OUHER AP G T T AR R L A (LABf )
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i S aEpE RN R N IRR] o

433 {4 58 gk B fog kIR
PR BRERAGRPER AL > B TSR BRI E 41 AT o I

ANOVA 545 5 fi-kir g8 A2z 30K i B4 » S % T & A2 F ¥ 2
BB ORAEERGE R RGERG R T B RIRE 4 %> §ERE
P2k ESE -ISMPadRiT R ARER RESFF F P RAN o mEZ -2
P2 AP R PERTRIENG AL E > VHEL TR ERDTFE A2 R

zRiPHBEFT o

WS PP Il VED ARt FEF RN R B
BRgd FRUCPRRBELR IR REFLE BI4S 5 Loy ik L Ry
FAB G TronEe s E (Fn) 2518 0% TR 0TimE (F) B - B
PR RSB R A 0.5 fjo A TR Bt R e ey KR R R
2t (Fp)od R &egllo Fpof Py Farahim O E 5o
W dmF kR RAR MR FPRPEST Fa TR BT & BP0
e (RF) ¥4k 1 A eh(EA) 22 T AT RAEFRAE SRS b FLET ] o
a%¢4%ﬁMED)£’ﬁ*%$ﬁi’Eﬁ—ﬁ%?ﬂwagg—ﬁ’ﬁ{&,
AP B E R LEAPERTE TS 8 AL m o Y Fars & AJE w2 B ey
kP gtpe (RF) 245k 1 2ch (BA) & 2 28 2 ] Fp F R P2 4R
AEL > BTG F kG e adok 429 (ED) B2 ¥ PR FarT

o ¥hkpRIABRBE e F ¥XPHILIER L o
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F A1 W HOR BB AIL IS 2k B B ik

Reference

Set (RF) EA EB EC ED
Water Stress Normal  "WS1d  *Ws2d MWVS3d MWS4d
Treatments
Average \Water
Fotontinl (Mpay 0122 0.462 1.056 1.408 1.926
STD 0.192 0.242 0.658 0.640 0.653

P RAEF BRI ¥ eokaREe (RF) 2y ok > @B Adsf %2 (EA~EB-EC-
ED) 2 -k i» B4 #cdp - WSnd 1~ & £ 5 {8 7 B~ ek S £ Bl 4R adZ en X dic o
He n=1,2,3,4c 0 R332 A 1 F xR R 5 P /R=25°C/20°C sp iR R 5 80% ©

180
RF
160 - EA
—{—=EB
——=.- EC
140 D
o
ki
@ 1201 DN AN\ . Tteeal,
=
o
g
= 100
w
C
[Lh)
=
o 80
2 "
3 S
w —
L 60 —
o
=
[T
()
= 40
(1]
o
r | T ]\ st am  mm o mm o mm s omm s mm s omm
20
0 T
& 200 300 400
Time (sec)

Bl 4-5 F %% (EAEB,EC,ED) &t e (RF) 2 % KR e & 2 pr A B (2 R

3 p4t 2. Fo~ Fo % 80
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d 45 b FRPGTIORARE (Fn) X240k 0 2 & a2 k%
SO MAFIT A - Ko FF A RE W MDA o 57 AT R R
AL RIEL Y SRR 2 AR R P L B CCD RS ) e
BEHEE YO R RAER L P LR A RRRRAI R L T
FE PR ORI L SIS R A F R L ko< (Fn) 0 12251

PRS2 BT AT oM 4-6 5 RIS wHRE R R B B dp R 2

Normalized Fluorescence Intensity
o)
o

-
0.4 P — ..
02 ——— T e e
0 =
0 50 100 150 200 250 300
Time (Sec)
B 4-6 3 iz FhiFid MEHEERCEYLRREIPFTH RE

434 # fi F %454 (DFI) 2.2 =

WHREL RS Y RAE R EE KPR B YRR Mgy T

A~

B0 FIEE 300 T ARRLRR o LHER T AE TR - BRES
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itk (dynamic fluorescwnce index, DFI) - DFI z- ¥.% 2 ¥ &3 4 ¢ 512 F, 3 F,
ERF 2B~ LEpEY o B P F g ie 1003 300 ) F 2 ¥ £ T IE%RE -
Fe¢'"Tothflisid b a B > Ak NHETEFT % 0 2 Fez A2 cR 4-7 #7
70 f 100 £ % 300 §5% B IE 10 fyB— B F. & » 7 93] 21 & DFI & » s 21

¥ DFl B8 v k2 KBS EFAPM A 470 B S5 4oB] 4-9 #77 > ¥ 25 11690

“.E!l“\

nm >~ 720 nm ~ 740 nm = @A B edp B licr enR RIS T A P A T A F 818 iR b
T 002720 nm s 740 nm R 690 nm i o R RAA R T 0 2 B
A B fadior 6 120 §A358 30 0.85 72 b > H ¢ 12 720 nm % 170 Fyindp B 14
Ber=0944 £ BB > 9% B 5k PFEL 1 740 nm fh & TR o F] AR 714 Eu ok
BAA 2 o @ 720 nmok & 2 % 170 f b i ¥ k4 (DFI) i 7 3ER (40

Bl 4-8) » g}l o

F
10 T
\
= \
@ \
| oy
8 \
£ 08 - \\
Q \
e \
@ \
? \
© 06 - \
S \
i . /DFl feson
o \
'ﬁ 04 DFI (re=100)
O - \
n's » \
E \
z 927 F.= 100 Fe=300
£
Q
Z
00 T T 1 1 1
0 50 100 150 200 250 300
Time (sec)

Bl 4-7F A ] % 100 £ 2 % 300 458 & ¥ %474 (DFD) 7 &
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0.2 4

Normalized Relative Fluorescence Intensity

e
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T T T T
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Time (sec)

B 4-8 # fi ¥ x4 4% (DFD) % 170§+ & B

1.00
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0.85 -

0.80 - ;

r (Coefficient of Correlation)
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Bl4-9 = B3 FlE2ZE D KPEREEEF Ltk (DFI) 2 B %

d ) s R RId & Fo/Fy P55 £ RS S & Jp 4% 500 558 o 3 & 300

43



iz 3

R TR RIPE > T A
A) 30 . i
¢ Rfd (F720) vsWater Potential
—— Regression of exponential decay
= 254
g *\® y = 0.6168+279 5845¢°0-5287% 370 4g00e-0-5230
< 2018 r=0.7948
s - SEE=00283.
5 1.5
§. - . *
i}
£ 1.0
o
= ‘.’ .
0.51 o T
O-O- - L » ‘ )
T T T T T T
0 2 4 6 8 10 12 14
Ratio of fluorescence decrease, Rfd (F720)
(©)
304e + DF|vs Water Polential
regression of exponential decay
25
= ¥ = -0.8203+2.4554e"0.0285%:3 7950g-0.4738x
o =0.94
S 201! - 0.9440
x —1= SR k=
]
£ 154
g
o 1.0
g
= 05
0.04
0 10 20 30 40 50

Dynamic fluorescence index (DFl;aq,m at 170 sec)

Water potential (-MPa)

Water potential (-MPa)

4n ¥ (DFI) %% & 170 ) m;i&—a R

BERERRE T > S R A

3.01 o Rfd (F720) vsWater Potential
—— Regression of expaonential decay
254
y=0.4468+100.1730¢"1-B606¢ 14 nagq-0.2388
20118 r=0.4158
1.5
1.04
0.54
0.0 4
o] 2 4 -] 8 10 12 14
Ratio of fluorescence decrease, Rfd (F720)
3.0 +  DFlvs Water Potential
—— Regression of exponential decay
2.6 -
¥ = -0.5655+143,2831 ¢ 1844419 3505¢70.0307x
204 r=0.8610
SEE = 02858
1.6 4
1.0 4
0.5
0.0 M
1] 10 20 30 40 S0

Dynamic fluorescence index (DFl;0q,m at 170 sec)

B 4-10 4 EvE Pk 0B @ g R RIA 2 # f§ ¥ %45 1% DF1 2 B % ]

rEF

b4 oL
SUE

"

T a0

%43k REd 2 8 i % %47 1 DFD S04 Eo ook 08

Frzodv 4 o AU dpdcR R A 7R S 2 B 720 nm & 2. Rfd &2 DFI 3

AL AT HE % 4oB 4-10 (A) 2 B 4-10 (C) #177 » & * DFI 2 4p B 1%

# 5 r=0944(SEE=0.286) iz >+ 1 * Rfd 2 4p B ¥ r=0.795(SEE=0.525)-

;%«@@%&%+%43mmﬁ%$4%1@;4${ﬂ%ﬁﬁ$¢@ﬁﬁi

Bk WG T KGR A AT % 4oB 4-10 (B) £ Bl 4-10 (D) #7 »

% DFI 2 4p R} Tificr d i k2 0.944 pic*% 2 0.861 » SEE R %4 ;R 7 2= 0.286 iX

7 RF o &% Rfd2 4p b Tadicr B)d R k2 0.795 *%
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M ® M3 0511 0 F itz 2B Bdp RS 4odk 42 997 > JL B S HPO

i ;Jg .-
Ip ¥ (DFI) 0@ 5oz o Ldp % RId $9ERIY Eo R g V¥R B 2 00 4 iz > %
HEHEl 2 Mok R 2wkt REH AR TR B At 0
# 4-2 Rfd f- DFI dpik2 4p M T @cfrip iRl 200 £ 5 R 4
Full sample set *Selected subset
Regression / Equation category
r **SEE r “*SEE
Rfd vs WP / Exponential decay 07948 05253 0.4158 05110
(double, 5 parameters)
DFl vs WP / Exponential decay 0.9440 02855 0.8610 02858
(double, 5 parameters)
*Selected : 49 K (> BEF X3 -1.8 MPa ik & 4 “f °
**SEE © SRR 4
4.4 %4
ARy R LED S §F R RFR G AR BRHY FutkE Y g

BIHESZ Y LE B> ¥i2 > 690nm~720nm~740nm = B £ 2 F k3 i d R

2 R H A HkiE Fn &8sy ki@ Foo 287 7% ¢

- 3

= FiE S — x]}ﬁvﬂq Jc,;}};]ﬁl_
(DFL) » &% 4£pF 170 #) %t 12 720 nm ¥ & £ 2 % &8 37 0]

“~

FothEr 2
A Bl 4 L T R REd F 4R 0 # N3R5 R < 3 -1.8Mpa -
§EREK PR DY BRI S T R B

AR RlE R o ATIE 2 2

TS N R E RS Rk
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AT AHBEFEER S RFHEG A T L R RA W EE YRR
R OREA o E 22 NAE G ZER L 2 2 Rl B X LED %
RITLEF R TRFTANEL TRE A AR RBHIE > P e g
ARk ALB T R S R 2 #8P> t # P~ 460 nm ~ 690 nm ~ 720 nm ~ 740
nme BREZFEPEG o BEFEBLELR Y TET2FFIEFA o & 512 Visual
CHZS R BT oo o B3 § R ai ) RT3 o 7 s 2§ £ BT
e g R M B RN Fp s Fo~Rfd s F/Fg 3 8 kdpih o @ % iz F
It Rfd & Fo/Fo 7t B hES L g 228> 8% F 5> 2 690 nm &
£2 Rfd 2 FofFe & B & Lipthzfphl il r EAp %2 55 & 0 53 0.906
(SEC=0.084)- ¥ 7 { i&— #h ¥ g4k (DFI) M 3] g ~ {HEie
F@mEFa kPR DL« &% DFI ¥ X Eo kg VL ES 2L M
%o WFZAEPF1T04Tic 12 720nm B L K 2 ¥ X B HFERH T RE S 2 kB
Fooo iRt Rfd dpik+ 1f SRR PP A FRRIE R o H ARl 4 R
i v Rd 4745 #u]30k 5 S 4 30 -1.8Mpa- § v R Ok s
TAEAPDF A A DIRRIA 4 o JATE 2 2 3R T L P B E R RGBS

T B ook~ Peid s 2 LUk hik R
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AL ERA A FRRFFG AN B D FRIFLYRE B
BHEhk vHAEHEFHTRKPEREFAITLAHFTY 0 A F
SEG S TR ABIRPRRERS > ViR- HRAFT MY E
CRIEIN QP E = h

FI% AFTE R Rk S PRk i B i Rl 170 sec 0 v B sd R F
£ 300 sec © HFEHT - L enpE oo § i T E CRIR LY A endicdy A 7R
BT - HEFAAF A RE Z A0 iAW gtk & 7ok 2 ki
B AP M AR o i L HR O RIER -

AT E R Ew RORPEER 2R o I A AR ¥R HR
VSIS PETASH i | éiﬂﬁ%ipi’w%iﬁ%ﬁ%ﬁiﬁﬁ%‘ﬁ
PEE A (F ) HBE2FT o

BRI MBI IR £ A A sk oy X Foo i For gk
ALY REE > At AN R S TR R EPGTT  G T e
4 3 AR o

pihe gz Eyv ke s by X% (DFI)a & M ik £
RMoOZRVNEZA B AR EFORER NFLFTHETR  HT FEH

g 4§ fTes o

47



HE A o 1984 o (¥ 2 R RCIP TR S N
PAGE 1999 fm 4 mE o S P 2o

FEIm o~ I WA 1999 A EE o 5
L igrE R EF TP e

.

AN AR LR R i\g BAH v AR 22010 FH
HE ¥Rk B PG iz 2 BRPBREZFT L LB RET 194):

93-108 -

Agati, G., C. Galardi, E. Gravano, A. Romani, and M. Tattini. 2002.
Flavonoid distribution in tissues of phillyrea latifolia L. leaves as
estimated by microspectrofluorometry and multispectral fluorescence

microimaging. Photochemistry Photobiology 76 (3), 350-360.

Babani, F., H. K. Lichtenthaler, and P. Richter. 1996. Changes of
chlorophyll fluorescence signatures during greening of etiolated barley

seedlings as measured with the CCD-OMA fluorometer. Plant Physiology
148, 471-477.

Babani, F., and H. K. Lichtenthaler. 1996. Light-induced and
age-dependent development of chloroplasts in Etiolated barley leaves as
visualized by determination of photosynthetic pigments, CO2 assimilation

rates and different kinds of chlorophyll fluorescence ratios. Plant
Physiology 148, 555-566.

Baker, N. R., K. Oxborough, T. Lawson, and J. I. L. Morison. 2001. High
resolution imaging of photosynthetic activities of tissues, cells and

chloroplasts in leaves. Journal of Experimental Botany 52 (356), 615-621.

Barbagallo, R., K. Oxborough, K. E. Pallett, and N. R. Baker. 2003. Rapid,
noninvasive screening for perturbations of metabolism and plant growth

using chlorophyll fluorescence imaging. Plant Physiology 132:485-493.

Bolhar-Nordenkampf, H. R., and G.. Oquist. 1993. Chlorophyll
fluorescence as a tool in photosynthesis research. In Photosynthesis and

Production in a Changing Environment: A Field and Laboratory Manual.
193-206.

48



Buschmann, C., J. Schweiger, H. K. Lichtenthaler, and P. Richter. 1996.
Application of the Karlsruhe CCD-OMA LIDAR-fluorosensor in stress
detection of plants. Journal of Plant Physiology 148 (5), 548-554.

Buschmann, C. 2007. Variability and application of the chlorophyll
fluorescence emission ratio red/far-red of leaves. Photosynthesis
Research 92, 261-271.

Ceccato, P., S. Flasse, S. Tarantola, S. Jacquemoud, and J. M. Gregoire.
2001. Detecting vegetation leaf water content using reflectance in the

optical domain. Remote Sens. Environ. 77(1): 22-33.

Cervantes-Martinez, J., R. Flores-Hernandez, B. Rodriguez-Garay, and F.
Santacruz-Ruvalcaba. 2002. Detection of bacterial infection of agave
plants by laser-induced fluorescence. Appl. Optics 41(13): 2541-2545.

Chaerle, L., and D. V. D. Straeten. 2000. Imaging techniques and the early
detection of plant stress. Trends in Plant Science 5(11): 495-501.

Chaerle, L., S. Lenk, I. Leinonen, H. G.. Jones, D.Van Der Straeten, and C.
Buschmann. 2009. Multi-sensor plant imaging: towards the development

of a stress-catalogue. Biotechnology Journal 4, 1152-1167.

Chappelle, E. W., F. M. Wood, J. E. Mcmurtrey, and W. W. Newcourt.
1984a. Laser-induced fluorescence of green plants. 1: a technique for the
remote detection of plant stress and species differentiation. Appl. Optics
23:134-138.

Chappelle, E. W., F. M. Wood, J. E. Mcmurtrey, and W. W. Newcourt.
1984b. Laser-induced fluorescence of green plants. 2: LIF caused by
nutrient deficiencies in corn. Appl. Optics 23:139-142.

Chappelle, E. W., F. M. Wood, J. E. Mcmurtrey, and W. W. Newcourt.
1985. Laser-induced fluorescence of green plants. 3: LIF spectral

signatures of five major plant types. Appl. Optics 24:74-80.

Chappelle, E. W., M. Kim, and J. E. McMurtrey. 1991. Identification of
the pigment responsible for the blue fluorescence band in the laser
induced fluorescence (LIF) spectra of green plants, and the potential use

of this band in remotely estimating rates of photosynthesis. Remote
Sensing of Environment 36 (3), 213-218.

49



Choné, X., C. Van Leeuwen, D. Dubourdieu, and J. P. Gaudillére. 2001.
Stem water potential is a sensitive Indicator of grapevine water status.
Ann. Bot. (London) 87 (4), 477-483.

Conroy, J. P., R. M. Smillie, M. Kiippers, D. I. Bevege, and E. W. Barlow.
1986. Chlorophyll aFluorescence and photosynthetic and growth
responses of Pinus radiate to phosphorus deficiency, drought, stress, and
high CO2. J. Plant Physiol. 81: 423-429.

Cornic, G. 2000. Drought stress inhibits photosynthesis by decreasing
stomatal aperture—not by affecting ATP synthesis. Trends in Plant Science
5(5), 187-188.

Corp, L. A., J. E. McMurtrey, E. W. Chappelle, M. S. Kim, and C. S. T.
Daughtry. 1996. Optimal fluorescence excitation wavelengths for
detection of stress in vegetation. IEEE, IGARSS Digest: 1812-1815.

Corp, L. A., E. W. Chappelle, J. E. McMurtrey, C. L. Mulchi, C. S. T.
Daughtry, and M. S. Kim. 2000. Advances in fluorescence sensing

systems for the remote assessment of nitrogen supply in field corn. IEEE,
IGARSS Digest :351-353.

Corp, L. A., E. M. Middleton, J. E. McMurtrey, P. K. E. Campbell, M. S.
E. W. Kim, and L. M. B. Chappelle. 2002. Fluorescence imaging
techniques for monitoring vegetation. IEEE, IGARSS Digest: 3056-3058.

Costa, E. S., R. Bressan-smith, J. G. Oliverira, and E. Campostrini. 2003.
Chlorophyll a fluorescence analysis in response to excitation irradiance
in bean plants (Phaseolus vulgaris L. and Vigna unguiculata L. Walp)

submitted to high temperature stress. Photosynthetica 41(1):77-82.

Daley, P. F. 1995. Chlorophyll fluorescence analysis and imaging in plant
stress and disease. Canadian Journal of Plant Pathology 17 (2), 167-173.

Djekoun, A., and C. Planchon. 1991. Tolerance to low leaf water potential

in soybean genotypes. Euphytica 55, 247-253.

Flexas, J., J. M. Briantais, Z. Cerovic, H. Medrano, and I. Moya. 2000.
Steady-state and maximum chlorophyll fluorescence responses to water

stress in grapevine leaves: A new remote sensing system. Remote Sensing
of Environment 73 (3), 283-297.

50



Govindjee, D. W. J. S., D. C. Fork, and P. A. Armond. 1981. Chlorophyll a
fluorescence transient as an indicator of water potential of leaves. Plant
Science Letters 20, 191-194.

Gray, G. R., B. J. Hope, X. Qin, B. G. Taylor, and C. L. Whitehead. 2003.
The characterization of photoinhibition and recovery during cold
acclimation in Arabidopsis thaliana using chlorophyll fluorescence

imaging. Physiologia Plantarum 119:365-375.

Havaux, M., and R. Lannoye. 1983. Chlorophyll fluorescence induction:
A sensitive indicator of water stress in maize plants. Irrigation Science 4
(2), 147-151.

Heisel, F., M. Sowinska, J. A. Miehe, M. Lang, and H. K. Lichtenthaler.
1996. Detection of nutrient deficiencies of maize by laser induced

fluorescence imaging. Plant Physiology 148 (5), 622-631.

Herppich, W. B., and D. J. Willert. 1995. Dynamic changes in leaf bulk
water relations during stomatal oscillations in mangrove species.

Continuous analysis using a dewpoint hygrometer. Physiology Plantarum
94 (3), 479-485.

Hsiao, S. C., S. Chen, and C. T. Chen. 2002. Hyper-spectra and
fluorescence analyses of the chlorophyll content in vegetable. In:
Proceedings of International Symposium on Automation and
Mechatronics of Agricultural and Bioproduction Systems. National

Chiayi University, Chiayi, Taiwan, pp. 669-673.

Hsiao, S. C., S. Chen, I. C. Yang, C. T. Chen, C. Y. Tsai, Y. K. Chuang, F.
J. Wang, T. S. Lin, and Y. M. Lo. 2010. Evaluation of plant seedling water
stress using dynamic fluorescence index with blue LED-based

fluorescence imaging. Computer and Electronics in Agriculture 72:
127-133.

Hunt, E. R. J., B. N. Rock, and P. S. Nobel. 1987. Measurement of leaf
relative water content by infrared reflectance. Remote Sensing of
Environment 22 (3), 429-435

Hunt, E. R. J., and B. N. Rock. 1989. Detection of changes in leaf water
content using Near- and Middle-Infrared reflectances. Remote Sensing of
Environment 30 (1), 43-54.

51



Jackson, R. D., S. B. Idso, R. J. Reginato, and P. J. J. Pinter. 1981.
Canopy temperature as a crop water stress indicator. Water Resource
Research 17 (4), 1133-1138.

Jarvis, P. G. 1976. The interpretation of the variations in leaf water
potential and stomatal conductance found in canopies in the field.
Philosophical Transactions of the Royal Society of London. Series B,
Biological Sciences 273 (927), 593-610.

Kautsky, H., and A. Hirsch. 1931. Neue Versuche zur

Kohlensdureassimilation. Naturwissenschaften. 19, 964-964.

Kerizek, D. T., E. M. Middleton, R. K. Sandhu, and M. S. Kim. 2001.
Evaluating UV-B effects and EDU protection in cucumber leaves using

fluorescence images and fluorescence emission spectra. Journal of Plant
Physiology 158 (1), 41-53.

Kim, M. S., J. E. McMurtrey, C. L. Mulchi, C. S. T. Daughtry, E. W.
Chappelle, and Y. R. Chen. 2001a. Stead-state multispectral fluorescence
imaging system for plant leaves. Applied Optics. 40(1):157-166.

Kim, M. S., Y. R. Chen, and P. M. Mehl. 2001b. Hyperspectral reflectance
and fluorescence imaging system for food quality and safety. Transactions
of the ASAE 44 (3), 721-729.

Kim, M. S., A. M. Lefcour, Y. R. Chen, I. Kim, D. E. Chan, and K. Chao.
2002. Multispectral detection of fecal contamination on apples based on
hyperspectral imagery: Part II. Application of hyperspectral fluorescence
imaging. Transactions of the ASAE 45 (6), 2039-2047.

Kim, M. S., A. M. Lefcourt, and Y. R. Chen. 2003. Multispectral
laser-induced fluorescence imaging system for large biological samples.
Applied Optics 42 (19), 3927-3933.

Kocsanyi, L., M. Haitz, and H. K. Lichtenthaler. 1988. Measurement of
the laser-induced chlorophyll fluorescence kinetics using a fast
acoustooptic device. Applications of Chlorophyll Fluorescence. H. K.
Lichtenthaler, Kluwer Academic Publishers, 99-107.

Kramer, P.J. 1988a. Measurement of plant water status: Historical

perspectives and current concerns. Irrigation Science 9 (4), 275-287.

52



Kramer, P.J. 1988b. Changing concepts regarding plant water relations.
Plant, Cell & Environment 11 (7), 565-568.

Krizek, D. T., E. M. Middleton, R. K. Sandhu, and M. S. Kim. 2001.
Evaluation UV-B effects and EDU protection in cucumber leaves using

fluorescence images and fluorescence emission spectra. 158:41-53.

Lang, M., H. K. Lichtenthaler, M. Sowinska, F. Heisel, and J. A. Miehe.
1996. Fluorescenceimaging of water and temperature stress in plant
leaves. Plant Physiology 148(5), 613-621.

Langsdorf, G., C. Buschmann, M. Sowinska, F. Babani, M. Mokry, F.
Timmermann, and H. K. Lichtenthaler. 2000. Multicolor fluorescence
imaging of sugar beet leaves with different nitrogen status by flash lamp
UV-excitation. Photosynthetica 38 (4), 539-551.

Lauer, M. J., J. S., and Boyer. 1992. Internal CO; measured directly in
leaves 1 abscisic acid and low leaf water potential cause opposing effects.
Plant Physiology 98 (4), 1310-1316.

Lichtenthaler, H. K., and U. Rinderle. 1988. The role of chlorophyll
fluorescence in the detection of stress conditions in plants. CRC Critical

Reviews in Analytical Chemistry 19 Supplement 1, s29-s85.

Lichtenthaler, H. K., M. Lang, M. Sowinska, F. Heisel, and J. A. Miehé¢.
1996. Detection of vegetation stress via a new high resolution

fluorescence imaging system. Plant Physiology 148 (5), 599-612.

Lichtenthaler, H. K., and J. A. Miehé. 1997. Fluorescence imaging as a
diagnostics tool for plant stress. Trends in Plant Science 2 (8), 316-320.

Lichtenthaler, H. K., N. Subhash, O. Wenzel, and J. A. Miche. 1997.
Laser-induced imaging of blue/red and blue/far-red fluorescence ratios,
F440/F690 and F440/F740, as a means of early stress detection in plants.
IEEE, IGARSS Digest: 1799-1800.

Lichtenthaler, H. K. 1998. Plant stress detection by reflectance and

fluorescence. Annals of the New York Academy of Sciences 851 (1 stress
of 1if).

Lichtenthaler, H. K., and F. Babani. 2000. Detection of photosynthetic

activity and water stress by imaging the red chlorophyll fluorescence.

53



Journal of Plant Physiology Biochemistry 38 (11), 889-895.

Lichtenthaler, H. K., G. Langsdorf, S. Lenk, and C. Buschmann. 2005.
Chlorophyll fluorescence imaging of photosynthetic activity with the
flash-lamp fluorescence imaging system. Photosynthetica 43 (3),
355-369.

Lichtenthaler, H. K., F. Babani, and G. Langsdorf. 2007. Chlorophyll fluorescence
imaging of photosynthetic activity in sun and shade leaves of trees. Photosynthesis
Research. 93(1):235-244.

Liideker, W., H.-G. Dahn, K. P. Giinther, and H. Schulz. 1999.
Laser-induced fluorescence - A method to detect the vitality of Scots

pines. Remote Sensing of Environment 68 (3), 225-236.

Mantha, S. V., G. A. Johnson, and T. A. Day. 2001. Evidence from action
and fluorescence spectra that UV-induced violet-blue-green fluorescence

enhances leaf photosynthesis. Photochemistry Photobiology 73 (3),
249-256.

Meyer, S., A. Cartelat, [. Moya, and Z. G. Cerovic. 2003. UV-induced
blue-green and far-red fluorescence along wheat leaves: a potential

signature of leaf ageing. Journal of Experimental Botany 54 (383),
757-769.

Michael L., K. Hartut Lichtenthaler, Malgorzata Sowinska, Francine
Heisel, and Joseph A. Miehe. 1996. Fluorescence imaging of water and

temperature stress in plant leaves. Plant Physiol Vol. 148. pp. 613-621

Muller, N. J. C. 1874. Beziehungen zwischen assimilation, absorption and
fluoreszenz  in  chlorophyll as lebenden  blattes. Jahrbucher
Wissenchafliche Botanik 9:42-49.

Norikane, J. H., and K. Kurata. 2001. Water stress detection by
monitoring fluorescence of plants under ambient light. Transactions of
the ASAE 44 (6), 1915-1922.

Omasa, K. 1990. Image instrumentation methods of plant analysis.
Modern Methods of Plant Analysis. Vol. 11. pp.203-243.

Otsu, N. 1979. A threshold selection method from gray-level histograms.
IEEE Transactions on Systems, Man, and Cybernetics SMC-9 (1), 62-66.

54



Papageorgiou GC., and Govindjee (eds). 2004. Chlorophyll a fluorescence:
A signature of photosynthesis. Springer, Dordrecht.

Saito, Y., M. Kanoh, K. Hatakw, T. D. Kawahara, and A. Nomura. 1998.
Investigation of laser-induced fluorescence of several natural leaves for

application to lidar vegetation monitoring. Appl. Optics 37(3): 431-437.

Schreiber, U., and W. Bilger. 1987. Rapid assessment of stress effects on
plant leaves by chlorophyll fluorescence measurements. In "Plant
response to stress. Functional analysis in mediterranean ecosystems", ed.
J. Tenhunen, F. Catarino, O. Lange and W. Oechel. Berline Heidelberg:
Springer-Verlag. 27-53.

Schweiger, J., M. Lang, and H. K. Lichtenthaler. 1996. Differences in
fluorescence excitation spectra of leaves between stressed and
non-stressed plants. Journal of Plant Physiology 148 (5), 536-547.

Siebke, K., and E. Weis. 1995a. Assimilation images of leaves of
Glechoma hederacea: Analysis of non-synchronous stomata reated
oscillations. Planta 196: 155-165.

Siebke, K., and E. Weis. 1995b. Imaging chlorophyll a fluorescence in
leaves: Topography of photosynthetic oscillations in leaves of Glechoma
hederacea. Photosynth. Res. 45:225-237.

Soukupova, J., S. Smatanova, L. Nedbal, and A. Jegorov. 2003. Plant
response to destruxins visualized by imaging of chlorophyll fluorescence.
Physiologia Plantarum 118:399-405.

Subhash N., and C. Mohanan. 1997. Curve-fit analysis of chlorophyll
fluorescence spectra: Application to nutrient stress detection in sunflower.
Remote Sensing of Environment. 60(3): 347-356.

Subhash, N., O. Wenzel, and H. K. Lichtenthaler. 1999. Changes in
blue-green chlorophyll fluorescence emission and fluorescence ratios

during senescence of tobacco plants. Remote Sens. Environ. 69:215-223.

Subhash, N., C. N. Mohanan, R. J. Mallia, and V. Muralidharan. 2004.
Quantification of stress adaptation by laser-induced fluorescence
spectroscopy of plants exposed to engine exhaust emission and drought.
Functional Plant Biology 31 (7), 709-719.

55



Takeuchi, A., Y. Saito, M. Kanoh, T. D. Kawahara, A. Nomura, H.
Ishizawa, T. Matsuzawa, and K. Lomatsu. 2002. Laser-induced
fluorescence detection of plant and optimal harvest time of agricultural

products (Lettuce). Applied Engineering in Agriculture 18 (3), 361-366.

Tezara, W., V. J. Mitchell, S. D. Driscoll, and D. W. Lawlor. 1999. Water
stress inhibits plant photosynthesis by decreasing coupling factor and ATP.
Nature 401 (6756), 914-917.

56



