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Abstract
Chlorophyll fluorescence is a useful tool for photosynthesis research. It can reflect
the light reaction process of photosynthesis, such as absorption, quenching and transfer,
efficiency of photosystem II, electron transport rate, proton gradient, ATP synthesis, and
CO2 fixation. Therefore, chlorophyll fluorescence can provide several important indi-
cators for stress- and eco-physiological researches of plants in the fields of agricultural
production, habitat construction, and ecological monitoring. In recent years, great prog-
ress has been made in experimental design and advanced applications of chlorophyll flu-
orescence parameters, making it more widely used in the plant eco-physiology field. The
chlorophyll fluorescence measurement has the advantages of being simple, fast, reliable,
non-destructive, and as a light instrument; it also provides various photo-physiological
parameters in large quantities in the field. However, chlorophyll fluorescence involves

many complicated physiological mechanisms. Therefore, the experimental design of a
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research and the timing to determine these parameters are very important.
Key words: Chlorophyll fluorescence, PSII efficiency, electron transport rate,

non-photochemical quenching, photoprotection, photoinhibition

Fv/Fm, Potential quantum efficiency of PSII, Y& Z4¢ 11 £ KOG BEVERE

AF/Fm’, Actual quantum efficiency of PSIIL, Y&& %45 11 EFEBEE

ETR, Electron transport rate, 85 T {HIE 4%

NPQ, Non-photochemical quenching, FE%{EEE Mk

qE, Energy-dependent quenching, {{R¥HEE 5 ZZ15HR 2 BUHHT (AT )

gZ, Xanthophyll cycle-dependent energy quenching, {{<FEEE &5 ZEIR 2 ZUHHT (XS
HIEB T )

qT, phosphorylation shift-dependent quenching, (gt { b5 ik

ql, Photoinhibitory quenching, PSIT FY{&25 Fri pk Ay G

A4

(1) Fo (minimum fluorescence) » fXFR KL 240V G/ NI & -

(2) Fm (maximum fluorescence) » H VI R E NI E » BAREBRERT K
PSII SO Y E AR -

(3) Fv (variable fluorescence, Fv = Fm-Fo) » % E{% H PSIL S fE STt 2
O E » AR AEE S PSI K EH LHYEEE -

(4) Fo’ (minimum fluorescence in the light-adapted state) > FEY NAVE/ NEE&E ©

(5) Fs (the steady state fluorescence) * Y&HE T~ PSII 4% i 88 1 {H & #1485 T 2 PSI
TR E PSR & -

(6) Fm’ (maximum fluorescence in the light-adapted state) > YEHE T PSII [88 PARF 5 A
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(7) ETR (electron transport rate) = ®PSII x 0.5 x 0.84 x PPFD > B {HIE R -

(8) AF/ Fm’ = (Fv’/Fm’) / (Fv/Fm) » % PSII & ELAF] ©

(9) NPQ (non-photochemical quenching) = (Fm/Fm’) - 1 » JESRAEERRHL -

(10) E = (FmT - Fm’) / Fm’ > NPQ T Ez PR IERVEN 7T - T Rl Sief] (2 778 ) -

(11) ¢Z = (FmT - Fm’) / Fm* > NPQ #{& S fERYHEN 7T - T RyHs AT (4-30 73§ )

(12) qT = (FmD30 - FmT) / FmT > NPQ o' (LHC) II HYBEE(LAZENAVEL ST > T Ryl

SR ] -

(13) gl = (FmO - FmD30) / FmT > NPQ FOEHIHIATE 7> > O ReRIEDLH - T RitgiH

] -

)

TEYI RSB T « SR
VTR IR I R NE > A B AR
B2 o GEtEYIFE A S ER > AR
b5 RE R FE Y [E{E (assimilation) pA
Y- EMLRE NS BHEYM 2 £ &
77 BEOE Y R R A R R ITH
BIVRE > FEMLRE g 22 H AR
B B AT 2 4 AR AR TR 1 2 52
2 Y tER R gRHEAE
4 RER B DL R R A T 2
(Wong et al. 2016) » FFZEAR[EYFE > 5
EfEHFIERE R 2 F G B A R4
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—_ N R

I =3
RIRE
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T RE YRR A R - mT AU
SRAG SO E AR B - BB K
BN B ERES - AR B SN 1E
FREER > FEAMRARRAERHZE
= 45 £5 %2 ] (Weng 2006; Wong et al.
2012a) «

.

2.4 ™R E

YR EIT A F NG » BE4RE
FURERE - HATR L SERERR T H
TEETER (HEABERHAL . photochem-
ical quenching) Z4h » ZERIVEEE T LA
BRI EUMEL (FRALERRREL
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non-photochemical quenching) » 5 f#%
JHBURF - R & O R SuE MR
& B ORI REE >
= PR Y I (photoinhibition) (Dem-
mig-Adams and Adams 1992; Dem-
mig-Adams et al. 1996; Maxwell and
1t
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i~ FRCALERHEL - BFDLRE) 94
MIH & BOHE Eak R B G
Y2 e B KOt RE R ZET SRS
(Demmig-Adams et al. 1996; Maxwell

Johnson 2000; Miiller et al. 2001) °

and Johnson 2000; Miiller et al. 2001) °
T B S &k Z 8 ot 2 M i (R R

FRERRIEAG—FEER » AR ST
SRS BE S RRR S M S R E - Uk
FotE ) A 2 R AR R A B 9% 2 ST
72 (Maxwell and Johnson 2000) °

CEEFEE Y R Sl
SERT B
BLERRBL2HRS
ams et al. 1996; Rohacek and Bartak
1E

X

%
(Demmig-Ad-

1999; Maxwell and Johnson 2000) °
bR T 4E AR T EE S



(—) ~ Fv/Fm: PSII iy ¢ KB 28
RE - Y2 IR ERE B
et

Fv/Fm 1B )5 £ 7 4% 20-30 77§
SRR 2 I EIER - TS IR AR R
ez A8 (Fv) B K (Fm) |8 6D
{8 Hep Fv /i K& HE (Fm) BZE
ELHE S E (Fo) ATfs  FJF, Al
JE G 1L (PSIT) #Y e RSB REREAE
R EEYIZ IR LS 2 EEE
18 (Rohagek and Bartak 1999; Maxwell
and Johnson 2000) o #1( 5 € (¥ 2%
PR - d K & 5 R LA RA T
B CO, EAFER » [t FHHGHHAE
1 2 B8 [ HERE /T TR - 40 SO F 5
I VIR RS 5 dE R
G EEOE G XA T [ (Da’Matta et
al. 1997; Kao et al. 1998; Warren et al.
1998; Liu et al. 2020 ) o Ho{t B 5 4
s R L AT R I 2 AR 5
A T A A F A (Thomas and
Turner 2001; Colom et al. 2003; Slavka
et al. 2019) - HIZE BEF 2 Fv/Fm {E B[]
A PSIT <2522 2 A2 15 - AH R SCRR
RIEHCER - (0225 5 BRI vh R R
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L. #8685 (Ficus microcarpa) Z &5 (EIY ) KVIE (=) BR -~ &R ERE Z VKR (220
0 M mannitol * N-FF5C5% : 0.5 M mannitol » ELLECHE © 1.0 M mannitol) & » EARIEHT > 58
S (1,200 % 1,800 zmol m s ' PPFD) WASTHAR » R #0) ISR ERHART - H PSIL 2 %1k
EXCR [Fv/Fm (BE3]) K AF/Fm’  (BAH)] ZSE{L15F (Weng et al. 2011) ©

Fig. 1. PSII efficiency (Fv/Fm and AF/Fm’) of osmotic-stressed and control Ficus microcarpa leaves
under the time course of illumination at 1,200 pmol m > s~ PPED for 20 min, followed by 1,800
umol m~*s~' PPFD for 120 min, and then at darkness for 12 h. Values are means + SE; o and A: no

osmotic stress; @and 4\ : 0.5 M mannitol; ® and A : 1.0 M mannitol; circle and triangle symbols:
attached and detached leaves, respectively (Weng et al. 2011).
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HEMEH L BEsris g REIIE L
LAY (NPQ) » RS TR e pE A Z
R > i PSITRCR T #
NERGZEGE - B TEREEH
(Demmig-Adams and Adams 1996; Li
et al. 2000; Adams et al. 2004) - [RY%
PREES [FEZ PSITSRE T [ Al FE BRI
&R EE - Y PSILRERAY A R
F9ER (down regulation) o HE:—EGHE
[E1& » AF/Fm’ G218 [# (R 2 R N fy s
FIHAE(GE T PSIL > (HH AF/Fm’ £
30 sy #EHVIE R B - 2
AEEE & Ry Y] (Verhoeven et
al. 1999; Werner et al. 2002) °

1. 57 € 20-30 73§ PRI 2 Fv/Fm
EEE TR + RIS
WA BB EE R &
20-30 77 S E ETR - B2 R
ZEER > H Fv/Fm 5 AL R 2 1EH K
#E (= 0.8) > BLIBEIEEEIIL A GE
sea[alfE o WETE L PSILREE (Fv/
Fm) N - BEERRR [EIE 2 &7 16
SO HASYEA0I] (temporary or dynamic pho-
toinhibition) » [F & A BE [E18 =~ & 77 7§
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B HYEHIE] (chronic photoinhibition)
(Werner et al. 2002) - HFiZ#OCRCET
CUNIERESH E 20-30 9788 Fv/Fm {8
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HRHDEHIH BRI IR 2 M2 2
AR AT MZ0F AR R E R AT
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Fv/Fm » 3 BIZRES 56 8 R R B -

2. B2HH Fv/Fm 22 025

N EEGRTHL » B/ R R FR
TR e a8 7R » 1E I H ZREA B L Al =
Fv/Fm g » %5 HAEROS SR PR A Ry {1
AR PSIL 25 E - NEEERH
18 » SE PR EHRDERE (RH
K& FoKEZ zeaxanthin JZ{EEZ an-
theraxanthin) 5[#2 2 PSII 2 AE T [ A
gE [2] 18 (Verhoeven et al. 1999; Adams
et al. 2004) » BEADEHIHE] - HERETE
A REOREEYID S RFR 22
H 1999 2 2001 4 =F N FIAE
DI IE N (23°29°N, 120°53°E,
2,650 m) M| E & & EAZ (Picea morri-
sonicola) Y& & 71 J 2R B4 Fv/Fm {H
Z ZEnEEAL - &R ([E 2 - Weng et al.
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Fig. 2. Mean (o) and minimum (m) daily temperatures of each measuring day (panel A), seasonal

variations in photosynthetic capacity (panel B), chlorophyll fluorescence (Fv/Fm) (panel C),

and soluble protein of needles (panel D) of Taiwan spruce measured at the Tatachia forest site
(23°29°N, 120°53’E, 2600 m). @, o and A : needles emerged in the spring of 1998, 1999, and 2000,
respectively. Vertical bars indicate the standard errors (n = 3—4) (Weng et al. 2005).
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Fig. 3. When the temperature exceeds the critical point (Tc), the Fo of the leaves will increase sharply

(Weng and Lai 2005)
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Fig. 4. Diurnal variation of photosynthetic photon flux density (PPFD) of solar radiation (panel A); leaf
temperature (0: under irradiation, m: leaf clips were shaded with Styrofoam plate, panel B), and
minimal and maximal chlorophyll fluorescence (Fo and Fm, panel C and D) taken immediately
after (open bars), 10 min (diagonal-marked bars) and 20 min (crossed bars) after the leaves were
darkened with leaf clips (Weng 2006).
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mosana) % 8 TEIAYIEE R 7 Fo & i
Y& A > 1f %5 4 Fv/Fm {6 (Fv= Fm-Fo)
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RAGER SR - R d on K P B A B3 K
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EEFTHIG ~ Fo (B IR —B
[RF ] (20-30 min) 72 FTHI{S 2 Fo € -
R Fs sl 4 P » AR BEAR PROR S ok
5522 Fo {2 2 Hi (0900 hr 52 1630-
1800 hr) » EEAHIFAEEE R BEFTHIG
Fo {f » BAF(EEER 10 7388 K 20 776
FTHI{S > Fo (B fEREEE 72 52 (Weng
2006) °
4. fE NG - Fm {5 & B 5 4k 221 0
fint -+ 1 Fv/Fm RIE(EARK > £7 0.8
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GHERF 0.8 725  BIR Fv/Fm BAEE
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(=)~ AF/Fm’ }Z ETR: J¢H&F PSII
ZE B AL R e B  E AR
it < B E

AF/Fm’ By 45 SE 4R B 5 1 - PSTI
Z B AR RE (i ETR (electron
transport rate, B8 T-{H i) AlZEH
AF/Fm’ SR AR U Z SERE (DEoBIE x
WU ) Tt - Fon PSITIR O ERRTS
IR E TE R L CE TR
(Krall and Edwards 1992; Maxwell and
Johnson 2000) °
1. ETR "] EREHERG I A A2 T By
LI EEHR

N Rt & FH Z — S b E E
& PSII B51Hy—{IE £ 2R > (NI
ETR 8¢ & 2R 5 A F i (Krall and
Edwards 1992; Wong et al. 2012b) ° [5]
RFEET 2% & » ETR fl S /bhikEE
Z ¢ FE R 4R FH{EL (Franco and Liittge
2002; Coopman et al. 2008) °
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5. FEEE (O =%, @ 4%, @ : %% ) 2 FFEE (Brassica oleracea L) fhfE » H KRR EE (Fm)
ARG o B 2R (%2> 2000) ©

Fig. 5. The relationship between the maximum fluorescence value (Fm) and chlorophyll content of
Brassica oleracea L. with different leaf colors (o: yellow-green, @: green, e: dark-green) (Huang,
2000).

12 + Y =3.036 + 0.272X
= 0.985**
10
(U]
o
o8l
LLl
6 2
Y = 6.633 - 0.162X + 0.007X
r = 0.998*
4 | | | |
15 20 25 30

Temperature (°C)

&l 6. GERG ([0]) A (L) » fEBMEREE T - ETR/P, (B EIRESR /7‘56.}2_ ) b 8
LB - EHEBERFE 4 — 6 K ZEAE 100 ~ 200 ~ 400 ~ 800 ~ 1,200 & 2,000 £ mol m” s" PPFD ﬁﬁ
IS SEYE{E (Wong et al. 2012a) ©

Fig. 6. The relationship between ratio of ETR/P; and leaf temperature of Alnus formosana ([2]) and
Pyrrosia lingus (0). Each point represents the mean value of four to six leaves measured at 100,
200, 400, 800; 1,200; and 2,000 pumol m~ s™ photon flux density. Data are means + SD. *: P<0.05,
**: P<0.01 (Wong et al. 2012a).
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R ZOCEHR (PN) BLEE TE IR (ETR) ZRH{% Wong et al. 2014a) ©

Fig. 7. The correlation of electron transport rate (ETR) with net photosynthetic rate (Py) for Miscanthus

30C K 40 % RH) T » 1L

oA kA

=1

floridulus (panel A) and Pennisetum purpureum (panel B) under different temperatures and
humidities (e, A, o, A\ : respectively represent 15 °C, 20 °C, 25 °C, 30 °C and 60% RH; \/ : 30
°C and 40% RH) conditions. ***: P<0.001 (Wong et al. 2014a).
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[ T BP0 [] F PSIT -1 £ 87
U AL » ETR B & 3R 2 LL A3
HEbE A bk TR (Krall
and Edwards 1992) ~ BB & (Oberhuber
and Edwards 1993; Wong et al. 2012a)
K2R 5T BE (Ripley et al. 2007) FHEifi
HETIN o N Ry iE S s & EEOEIF IR
MEANMEEE &R T - Witk - (E1E
PR EORE - TAARER - SRR
FERn 2 BT > CofEY 2 ETR fI
e AR A EEEHRE (Cheng et
al. 2001; Pérez-Torres et al. 2007; Ripley
et al. 2007) ©
HEZRMILL > FoffIEE R HZ LU/
FEMZIE - FLAE DL ETR Hifli C, BIME YY)
HEE IR - RRIEEIMERIET - —
Abix - ERBEZE(LBEE ARG
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% (Pyrrosia lingus > FAEEFE IS ) > A 90% B MBS 2 GV E R AAER 5 53 (Archangiopteris
somai > FEFYEESEHERZ ) o (K Huang et al. 2021a BHRIEE] ) -

Fig. 8. Light-response curves of gross photosynthetic rate (Pg) and ETRy for Pyrrosia lingus and
Archangiopteris somai under different PPFD. ETR; is electron transport rate obtained from
rapid light response. o and e: Pyrrosia lingu (light shade-tolerant plant adapted to slight shade)
cultivated under full sunlight and 90% shading, respectively. A : Archangiopteris somai (adapted to
heavy shade) cultivated under 90% shading. (Data from Huang et al. 2021a.)

9. FEREESE (PPED, A HROETEE ) T » 58755 (Alnus formosana) 2 Pg (FHYEEHI% )
B ETR ( MR CHhGUEFTHIG 2 B IR E R ) 2Ll - TR K - 25
SRR FERK - BIPECHRARELGIK o (R Huang et al. 2021a EHE(FE )

Fig. 9. Light-response curves of gross photosynthetic rate (Pg) and ETRy for Alnus formosana under

N

different PPFD. ETRy is electron transport rate obtained from rapid light response. Squares,
diamonds, and stars indicate measurement under well-watered, and mild and severe drought
conditions, respectively. (Data from Huang et al. 2021a.)
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Fig. 10. Relationship between gross photosynthetic rate (Pg) and ETR; x g, for Alnus formosana. Squares,

diamonds, and stars indicate measurement under well-watered, and mild and severe drought

conditions, respectively (Huang et al. 2022a).

11. JREE (Pennisetum purpureum) PARNFE /57AFT1S 2 ETR ELYEEHR 7 Bk - B O NE

48 DL oa=0.84 5B ETR » 220 E0s8 R4 - DLEOHT a (0.80 - 0.89) AKEHE ETR (Wong et al.

2014a) -

Fig. 11. The association of electron transport rate (ETR) and net photosynthetic rate (Py) for Pennisetum

purpureum. Closed symbol and solid line vs. open symbol and dotted line: o= 0.84 and 0.80—0.89

respectively, used for calculating ETR. ***: P<0.001 (Wong et al. 2014a).
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Fig. 12. Light-response curves of Py, qE and ql for Pyrrosia lingus (panels A, E, and 1), Asplenium
antiqguum (panels A, E, and 1), Diplazium donianum (panels A, E, and 1), and Archangiopteris
somai (panels D, H, and L) under 50, 100, 300, 500, 1,000, and 2000 pmol m™ s photosynthetic
photon flux density for 30 min. Materials were cultivated under 100% (©), 50% ( D ), and 10% (e)
of sunlight for at least six months. **, *** and ns: P < 0.01, P < 0.001 and not significant. (Data
from Wong et al. 2012a, 2016.)

13. R 100% (O) ~50% (D) K 10% HIE (@) T~ Z A& (Pyrrosia lingus) ~ LLI##{E (Asplenium
antiquum) ~ 4FREEZ R (Diplazium donianum) K 5 & [F44#H 2 825#E (Archangiopteris somai) 1F
50~ 100 ~ 300 ~ 500 ~ 1 000 ~ K 2 000 ¢ mol m™ s'PPFD ¢ N HESS 30 43 $81% 2 NPQ1H - (&
TFELEY E Wong et al., 2016) ©

Fig. 13. Light-response curves of NPQ for Pyrrosia lingus, Asplenium antiquum, Diplazium donianum,

and Archangiopteris somai under 50, 100, 300, 500, 1,000, and 2000 pmol m™ s™ photosynthetic
photon flux density for 30 min. Materials were cultivated under 100% (©), 50% (), and 10% (e)
sunlight for at least six months. (Data from Wong et al. 2016.)
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HOH: e

Fig. 14. Time course of illumination and darkness:-and-variation in nonphotochemical quenching (NPQ,
panel A), and gross photosynthetic rate (P;) at 30 min after the start of light induction (panel B) in

Alnus formosana ([2]), Pyrrosia lingus (o), and Archangiopteris somai (%) cultivated under 100%
(open symbols) and/or 10% (closed symbols) of sunlight. Variables were measured under 2,000

umol m~ s™' photosynthetic photon flux density at 25°C and ambient CO, concentration. Data are

means + SE (n = 4-6) (Wong et al. 2014b).
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HE AT Fv/Fm 8% Ky 100%) BLEBAAEROER 1 K 2 7788~ PSIT IR AR B (NPQImin J¢
NPQ2min) 27 5% (Wong et al. 2014b) °
Fig. 15. Relation between nonphotochemical quenching (NPQ) values and relative value of potential
quantum efficiency of PSII (Fv/Fm%, Fv/Fm of the same leaves before illumination set to100%),
in leaves exposed to 2,000 umol m > s™' PPED for 30 min in three woody species [Alnus formosana
([20), Ardisia crenata (V), and Ardisia cornudentata (A)] and four fern species [Pyrrosia lingus
(0), Asplenium antiquum (), Diplazium donianum ( 49 ), and Archangiopteris somai (%)]
cultivated under 100% (open symbols) and 10% (closed symbols) sunlight. NPQ,,... (panel A) and
NPQ,,... (panel B) were measured when leaves were exposed to 2000 umol m > s PPFD for 1 min

and 2 min, respectively (Wong et al. 2014b).
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Fig. 16. Variations of Fv/Fm and Fv’/Fm’ (panel A) and NPQ (panel B) of sweet potato at different
temperatures (®: 35°C; o: 25°C; A: 10°C) and light and dark treatments under different light
intensities (20, 100, 200, 400, 800, 1,200, 2,000 umol m™s™"). m: Darkness; 0: Light. (Jhuang 2007)

17. FEEGONHEEPFNEZLE T > HFPv/Pm( =/A509%) 8 AFFm ([ElRCHE) 2 SEET -
SCERF R FURE 20° C (Huang et al. 2022b) °

Fig. 17. The changes of Fv/Fm (triangle-symbet) and AF/Fm" (circle) of sweet potatoes with different
leaf colors under natural light at noon. The closed symbols mean that the temperature at noon was
below 20°C (Huang et al. 2022b).
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Fig. 18. The photosynthesis and the composition of NPQ (qE, qZ+qT and ql) for K. obovata and
Rhizophora stylosa cultivated under 20%o and 40%o salinity with no submerging (N) and

submerging (S) treatments. Measurements were made at 25 °C and 800 pmol m > s™' PPFD in

90 minutes (A) and after dark period 30 minutes (B). Each data point represents the mean of five

leaves. Data are mean + standard error (SE). Different letters indicate significant differences in the

Tukey’s HSD analyses at eight treatments (P < 0.05). * : Significant differences in T-tests between

no submerging and submerging for NPQ of measured value (P < 0.05) (Wang et al. 2021).
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to link authors, e.g. (Pimm and Gittleman 1992) for double authors; and use “et al.” e.g. (Baker et al.
1996) for multiple authors. When citing multiple references, separate them with semi-colons in
chronological order.
Use the following system for arranging references in literature cited.
For journals:
Clough, B. 1998. Mangrove forest productivity and biomass accumulation in Hinchinbrook Channel,
Australia. Mangroves and Salt Marshes 2: 191-198.
Pimm, S. L. and J. L. Gittleman. 1992. Biodiversity: Where is it? Science 255: 910-940.
Baker, C. S., F. Cipriano and S. R. Palumbi. 1996. Molecular genetic identification of whale and
dolphin products from commercial markets in Korea and Japan. Molecular Ecology 5: 671-685.
For books and symposiums:
Soule, M. E. and B. A. Wilco. 1980. Conservation biology: An evolutionary-ecological approach.
Sinauer Associates, Sunderand, Massachusetts.
Jinchu, H. and W. Fuwen. 1990. Development and progress of breeding and rearing giant pandas in
captivity within China. pp. 322-325. In: H. Jinchu (ed). Research and progress in biology of the

giant panda. Sichuan Publishing House of Science and Technology, Sichuan, China.
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10.

Table should be typed on a separate sheet and be headed by a title of dual languages (Chinese and
English). It consists of only horizontal lines and typed with English terms (if possible) and Arabic
numerals. If foot notes are required, mark with superscripts 1, 2, *, #, etc.

Figure should be drawn with black ink on a separate white tracing paper with a figure legend of the
dual languages below. Computer graph made from laser printer is acceptable.

Photograph should be a glossy black and white shot with sufficient resolution to be clearly legible after
reduction. When multiple photos are employed, the author should arrange them in plates. Micrographs
should include bars indicating scales of magnification. Photos should be pasted on white A4 paper

loosely with the figure legend below.
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