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Chlorophyll fluorescence parameters:
the definitions, photosynthetic meaning, and mutual relationships
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Abstract

Chlorophyll fluorescence parameters (Chl FPs) derived from the slow (long-term) induction kinetics of modulated Chl a
fluorescence are reviewed and analysed with respect to their application in photosynthesis research. Only four mutually
independent Chl FPs, calculated from values of five essential Chl fluorescence (ChlF) yields, are distinguished as the
basic ones. These are: the maximum quantum yield of PS2 photochemistry (®;, ), the photochemical quenching of vari-
able ChlIF (qp), the non-photochemical quenching of variable ChIF (qy), and the relative change of minimum ChIF (qy).
@p, refers to the dark-adapted state of a thylakoid membrane, gp, qn, and qq characterise the light-adapted state. It is
demonstrated that all other Chl FPs can be determined using this quartet of parameters. Moreover, three FPs related to
the non-radiative energy dissipation within thylakoid membranes are evaluated, namely: the non-photochemical ChIF
quenching (NPQ), the complete non-photochemical quenching of ChIF (qcy), and the effective quantum yield of non-
photochemical processes in PS2 (®y). New FPs, the total quenching of variable ChIF (qrv) and the absolute quenching
of ChIF (qa) which allow to quantify co-action of the photochemical and non-photochemical processes during a light
period are defined and analysed. The interpretation of Chl FPs and recommendations for their application in the photo-
synthesis research are also given. Some alternative FPs used in the laboratory practice have only an approximate charac-
ter and can lead to incorrect conclusions if applied to stressed plants. They are reviewed and compared with the standard
ones. All formulae and conclusions discussed herein are verified using experimental values obtained on young seedlings
of the Norway spruce (Picea abies [L.] Karst.).
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'dbbreviations (see also Tables 1 and 2): 4 — fraction of primary acceptor molecules in the oxidised state; AR — actinic radiation; C -
multiplication constant; Chl — chlorophyll; ChiF — chlorophyll fluorescence; & — relative deviation; d — dissipation factor; DAS —
dark-adapted state; f— function; F,— minimum Chl fluorescence yield in the dark-adapted state; F, — minimum Chl fluorescence
yield in the light-adapted state; Fy — maximum Chl fluorescence yield in the dark-adapted state; F,, — maximum Chl fluorescence
yield in the light-adapted state; Fp — maximum Chl fluorescence yield measured when the actinic radiation is switched on; — steady-
state Chl fluorescence yield in the light-adapted state; Fy — maximum variable Chl fluorescence yield in the dark-adapted state; Fy—
maximum variable Chl fluorescence yield in the light-adapted state; F(t) — immediate Chl fluorescence yield; FIK — fluorescence in-
duction kinetics; FP — fluorescence parameter; FR — far-red radiation; FY — fluorescence yield; kp — rate constant for the thermal dis-
sipation within the light-harvesting system associated with PS2; & — rate constant for the Chl a fluorescence; kp — rate constant for the
photochemistry at open PS2 reaction centres; A — wavelength at the maximum of a radiation distribution curve; LAS — light-adapted
state; LHC — light-harvesting chlorophyli-protein complex; MR — weak modulated measuring radiation; NRD — non-radiative energy
dissipation; PAM — pulse amplitude modulation; PFD — photon flux density; PS — photosystem; Q4 — primary quinone-type electron
acceptor of PS2; RC - reaction centre; SP ~ saturation pulse; t — time.
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Introduction

Recording of the fluorescence emitted from chlorophyll
(Chl) molecules located in chloroplasts of photosynthe-
sising organisms is a widely used non-destructive tool in
the photosynthesis research. This technique has allowed
an increased understanding of photochemical and non-
photochemical processes occurring in thylakoid mem-
branes of chloroplasts (for reviews, see Butler 1978,
Walker 1987, Krause and Weis 1991, Govindjee 1995,
Kramer and Crofts 1996, Lazar 1999, Maxwell and John-
son 2000). Availability of commercial devices enabled
accurate measurements of the Chl fluorescence (ChiF),
even under field conditions. Such fluorimeters, working
on the principle of pulse amplitude modulation (PAM) of
ChIF (Schreiber 1986, Schreiber et al. 1986) helped sig-
nificantly to a worldwide expansion of the fluorescence
methods. They allowed obtain an information on function
of the photosynthetic apparatus by analysis of the so-
called ChlF quenching which in a complex manner re-
flects photosynthetic activities of plants.

Although ChIF represents a minor deactivation proc-
ess for excited Chl molecules, its time-course termed the
Chl fluorescence induction kinetics (FIK) provides an
excelent insight into utilisation of the excitation energy by
photosystem 2 (PS2) and indirectly also by other com-
plexes within the thylakoid membrane (Walker 1987).
Increased flow of the excitation energy into a photo-
chemical pathway leads to a decrease (quenching) of the
Chl fluorescence yield (FY). In this way, ChIF reflects
changes in the efficiency of photosynthetic processes
(Kautsky and Hirsch 1934). A proper evaluation of this
quenching depends on our ability to quantify contribu-
tions of the PS2 photochemistry (related to the photo-
chemical quenching) and several distinct non-photo-
chemical processes (related to the non-photochemical
one) to the total ChlF quenching (Walters and Horton
1991). Generally, the photochemical quenching refers to
the energy consumption by a charge separation in reaction
centres (RCs) of PS2. The non-photochemical quenching
is induced by a pH-gradient build-up as well as activation
of numerous regulatory mechanisms which provide for an
effective utilisation of the excitation energy and cope with
over-excitation (photoinhibition) or other kinds of injury
caused to the thylakoid membrane (see Krause and Weis
1991, Horton 1996). The resolution of both principal
types of the ChlF quenching was allowed by a saturation
pulse method (Schreiber 1986, Schreiber et al. 1986),
originally introduced as a “light-doubling” technique
(Bradbury and Baker 1981, 1984).

Useful qualitative and quantitative information on
photosynthetic processes can be decoded from Chl FIK
using a set of fluorescence parameters (FPs). These para-
meters were intensively sought within the last three dec-
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ades and were consecutively introduced into the photo-
synthesis research, e.g.: the ratio of ChIF decrease (Rfd,
Brown 1967, Lichtenthaler er al. 1984), F\/Fy ratio
(Kitajima and Butler 1975), photochemical (qp) and non-
photochemical (qn) quenching of variable Chl FY (Bilger
and Schreiber 1986, Schreiber ez al. 1986), Fo-quenching
coefficient (qp, Bilger and Schreiber 1986), relative elec-
tron transport rate (ETR, Weis and Berry 1987), ADy/®p,,
ratio (Genty er al. 1989), and non-photochemical
quenching of ChlF (NPQ, Bilger and Bjérkman 1990).
The necessary unification in a terminology was also given
(van Kooten and Snel 1990). This article reviews and
discusses the majority of Chl FPs currently used in the
photosynthesis research. It is shown that only four pa-
rameters are mutually independent and the other can be
expressed using this principal quartet.

Basic concepts

Photosynthetic activities of plants are ordinarily deduced
from time changes of ChlF assuming an anti-parallel be-
haviour between photochemical processes (the charge
separation in reaction centres of PS2 followed by an

“electron transport via a set of carriers) and non-photo-

chemical ones (the thermal dissipation and Chl fluores-
cence). Both pathways participate in utilisation of the
excitation energy by PS2 and PS1. At room temperature,
ChlF originates almost exclusively from depopulation of
the first excited singlet-state of Chl a molecules in the
PS2 complexes (Govindjee 1995) and represents only
about 3—5 % of the overall absorbed energy (Walker
1987). This radiative de-excitation process is character-
ised by the quantum yield of ChlF (®f) and described by
the following general equation (e.g. Krause and Weis
1991):

. M

IA 2k|

Here Ir means the rate (photon flux) of ChiF emission, I,
the absorbed flux of radiation, k¢ the rate constant for
ChlF, and Zk; represents the sum of rate constants for all
competing processes that result in a return of the excited
Chl molecule to its ground state. Only the relative quan-
tum yield of ChIF can be reported in view of the homoge-
nous ChIF emission (Govindjee 1995).

In the dark-adapted state (DAS), which is in
view of electron transport processes the photochemically
inactive state of a thylakoid membrane, generally all PS2
RCs and electron carriers of the PS2 acceptor side are re-
oxidised. Also components of the non-photochemical
quenching are relaxed to their minimum values (cf
Horton and Hague 1988, Hodges et al. 1989). Then
minimum Chl FY in DAS (F,) is recorded when a week
modulated measuring radiation (MR) with an overall



photon flux density (PFD) lower then 0.1 pmol m?s™ is
applied to a pre-ddrkened sample. The following equation
describes the F, level (see Fig. 1) in terms of the rate con-
stants of three main energy consuming processes
(Oxborough and Baker 1997):

_kF___, [¥))
ke+ ko + kp

In addition to k¢ defined above, kp represents the rate
constant for thermal dissipation within the light-harvest-
ing system associated with PS2, 4 the rate constant for
photochemistry at open PS2 reaction centres, and the
multiplication constant C accounts for a difference be-

F0=C

tween proper @ and the actually measured ChiF yield. In

this state, when the maximum number of PS2 RCs is ac-
tive -(open), the efficiency of photochemical processes is
dominant whereas the non-photochemical quenching pro-
cesses are minimised. It means that kp » kg + kp.

The approximation presented by Oxborough and
Baker (1997) presupposes that the PS2 photochemistry is
actually trap-limited (¢f” Krause and Weis 1991, Lavergne
and Trissl 1995) and not limited by the rate of exciton
transfer from a light-harvesting complex to PS2 RC (the
diffusion limitation), as proposed in the model by
Kitajima and Butler (1975). In accordance with this
model, it is postulated that the rate constant kp at closed
PS2 RCs is small enough to be ignored. It comes specifi-
cally when the sample is irradiated by a short pulse of a
saturating polychromatic radiation (PFD up to 10 mmol
m™ s"). This saturation pulse (SP) causes a fast closure of
all active PS2 RCs due to a full reduction of the primary
quinone-type electron acceptor of PS2 (Q,, Duysens and
Sweers 1963) accompanied by a complete saturation of
the photochemical processes in PS2. Then 4p converges to
zero and maximum Chl FY in DAS (Fy) is recorded be-
fore the non-photochemical processes related to a linear
electron transport can promote. The Fy level is charac-
terised as follows (Oxborough and Baker 1997):

kg

Fy=C .
M e+ ko

3)

Correct determination of both Fy and F, is essential
for the subsequent quantification of processes occurring
during light period. All time changes of Chl FY during
the light period are connected with fluorescence quench-
ing mechanisms and are compared to those basic refer-
ence FY levels (see Fig. 1). A difference between Fy; and
Fo is denominated maximum variable Chl FY in DAS

(Fy) and it is (e.g. Kitajima and Butler 1975, van Kooten

and Snel 1990):
Fy=Fum-Fo. )
If the actinic radiation (AR) is switched on, the ob-

served distinct changes in immediate Chl FY, F(t), are
attributable to a simultaneous co-action of photochemical
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and non-photochemical processes. The former processes
refer to a charge separation in PS2 RCs which is linked
with variations in efficiency of the electron transport
chain. The latter processes involve the pH-gradient build
up, non-radiative energy dissipation (NRD) to heat within
thylakoid membranes, LHC2 phosphorylation, photoinhi-
bition of PS2 RCs, etc. (for reviews, see Krause and Weis
1991, Govindjee 1995, Maxwell and Johnson 2000).
During the light period, the photosynthetic apparatus
passes gradually from DAS to the light-adapted
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Fig. 1. Slow Chl a fluorescence induction kinetics recorded in
vivo using a portable PAM-2000 fluorometer in the saturation
pulse regime on a dark-adapted (for 15 min) current-year branch
of 4-year-old seedling of Norway spruce (Picea abies [L.]
Karst.). The instrumental settings were as follows: measuring
radiation (MR) PFD < 0,1 umol m™2 s (A 650 nm), PAM-fre-
quency of 600 Hz, switched on/off (+MR/-MR); actinic radia-
tion (AR) PFD of 170 pmol m? s’ (A 655 nm), PAM-frequency
of 20 kHz, switched on/off (+AR/-AR); saturation pulse (SP)
PFD ca. 3 000 pmol m? s (halogen lamp), pulse duration of
0.8 s, PAM-frequency of 20 kHz; far-red radiation (FR) PFD
ca. 10 pmol m?s™ (A 735 nm), pulse duration of 3 s; the Fyy
level determined after 14 min of the dark adaptation; mean sur-
face temperature of spruce needles during a record 22.9+0.1 °C.
Dark/light adaptation periods were realised in a small ventilated
chamber. Normalisation to Fy was used. Additional abbrevia-
tions: qp, photochemical quenching of Fy (0 < gp < 1); qy, non-
photochemical quenching of Fy (0 < gy < 1).

state (LAS). The LAS is characterised by a continuous
synthesis of ATP, NADPH, and concurrent fixation of
CO, (Walker 1987). When electron transport processes
and coupled biochemical reactions in the carbon reduc-
tion cycle are equilibrated, the steady-state Chl FY level
(Fs) is reached. Application of a pulse of the saturating
radiation at this state enables to determine maximum Chl
FY in LAS (Fy); see Fig. 1. Once AR is switched off,
minimum Chl FY in LAS (F,) is recorded after a short
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pulse of the weak far-red radiation (FR) which accelerates
a re-oxidation of the PS2 acceptor side. Then, analo-
gously to Eq. 4, maximum variable Chl FY in LAS (Fy)
is determined as:

Fy= Fy—F,. (&)

Assuming that only the constant kp varies during tran-
sition of the thylakoid membrane from DAS to LAS
(Oxborough and Baker 1997) and the increase in a ther-
mal decay in LAS is represented by the “dissipation fac-
tor” d (d = 1), three following equations describe F,,
Fu, and Fg in a representation of the rate constants (cf a
diverse access used by Laisk et al. 1997):

+ kF
Fp=Cob | 6
O ketdhkyt ke ©
; ke
Fy=C , 7
M e+ d kg 0
Fo—C Ak (-Dk]| ®
ke+dhky+ ke ktdky

Parameter 4 (0 < 4 < 1) represents the fraction of primary
acceptor molecules being oxidised in LAS (Kitajima and
Butler 1975). As seen, Eq. 8 leads to Eq. 6 for 4 = |
(fully re-oxidised Qa, open PS2 RCs), and to Eq. 7 for
A =0 (fully reduced Q4, closed PS2 RCs). ‘

In general, five mutually independent Chl FY levels,
Fu, Fo. Fu (D), F(t), and F, (1), suffice for definitions of
most ChlF parameters at any time t of the light induction.
In LAS, the time-dependent changes of Fy (t), F(t), and
F, (t) are very small (< 1 % of Fy per 1 min) and can be
neglected. At this condition, it is defined: Fy(t) = Fy,
F(t) = Fs, and F, (t) = F, (see Fig. 1). Fy, and F;, charac-
terise DAS, Fy, Fs, and F, determine LAS. For a better
understanding of the following text, all derivations pre-
sented in this paper are made under the assumption that
LLAS was reached. Therefore, the time-dependent formu-
lae are not applied. As common now in fluorescence lit-
erature, the term ‘coefficient’ is omitted in names of fluo-
rescence parameters given below, in spite of the fact that
it would correspond better to a mathematical formalism
applied herein (c¢f. van Kooten and Snel 1990, Krause and
Weis 1991, Buschmann 1995).

Fluorescence parameters related to the dark-adapted
state

Maximum quantum yield of PS2 photo-
chemistry (&, ) is the most frequently used pa-
rameter. 1t is calculated using maximum (Fy,) and mini-
mum (Fy) Chl FYs measured in DAS (Fig. 1) according to
the definition (Kitajima and Butler 1975):
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@,, is often called the Fy/Fy ratio and/or maximum yield
of primary photochemistry (Kitajima and Butler 1975),
potential yield of PS2 photochemical reactions (Krause
and Weis 1991), potential maximum PS2 quantum yield
(Schreiber et al. 1995), and quantum efficiency of open
PS2 centres (Maxwell and Johnson 2000). Its values are
always less than 1 because Fy > 0 and thus Fy is in all
cases less than Fy. If Egs. 2 and 3 are applied to Eq. 9
@,, can be expressed in the form (Kitajima and Butler
1975):

_Fu-Fo_  k
‘ Fu b+ ko + ke

which confirms the term used for this parameter.

@, is almost constant for many different plant spe-
cies measured under the non-stressed conditions and
equals to 0.832+0.004 (Bjorkman and Demmig 1987).
But for stressed plants ®p, is markedly reduced. There-
fore, the Fy/Fy ratio is frequently used as an indicator of
the photoinhibition or other kind of injury caused to the
PS2 complexes (e.g. Rees er al. 1990, Krause and Weis
1991, Buffoni et al. 1998, Lazir and Nau§ 1998).
®@,, values can be lowered due to contribution of the ChiF
emission from PS1 to the F, level (Lavergne and Trissl
1995). This effect might be significant, especially in the
case of stressed plants, and has to be taken into account
when analysing ChlF data (Pfiindel 1998).

It is possible to define other FPs based on the Fy and
Fy levels: the ratios Fo/Fy and Fy/F,. Of course, both pa-
rameters have a direct relation to @, . It implies from
Eq. 9 that:

LUNISU S . (1

Fum

e

(10

Applying Eq. 10 to Eq. 11, the meaning of the parameter
@y, emerges from:

o

E_ ke +kp

— =@+ Op, =Dy, . 12
FM kF—{- kD+ kP Fa Ds Ng ( )

Here, the minimum quantum yield of ChiF in DAS (®¢,)
and the basal quantum yield of thermal dissipation within
PS2 in DAS ( ®p, ) were introduced, namely:

ke ko
il > (DDu = .
ke +kp+ ke ke + kp+ kp

®g, is identical with F, (Eq. 2) if C = 1. As seen from
Eq. 12. the Fy/Fy ratio might be termed the basal
quantum yield of non-photochemical
processes in PS2 (dy, ). It covers influences of
both ChiF and NRD in DAS when all PS2 RCs are open.
For healthy. non-stressed plants. it is mostly 0.8 < @,, <

P; (13)



0.86 (Bjorkman and Demmig 1987) and therefore 0.14 <
Fo/Fy < 0.2. For stressed or damaged plants, the Fo/Fy
ratio markedly increases (Bilger et a/. 1987, Horton and
Ruban 1992). Thus, @y, can also be used for indication
of the plant stress.

The Fy/F, ratio means if adapted using expansion by
Fy and substitution by Eqs. 9-11:

Fy_FvFu_ @, @k

Fo Fu Fo 1-®p, Oy kthky

]

(14)

For the above ®p, limits (0.8; 0.86), Eq. 14 implies that
4 < Fy/F, £ 6. If the referred value ®p, = 0.832 (Bjork-
man and Demmig 1987) is used, this ratio equals to 4.95.
It demonstrates the well known experimental finding that
Fy exceeds five times F, in DAS (e.g. Krause and Weis
1984, Walker 1987). As shown in Fig. 24, this Chl FP is
very sensitive to actual @, in a vicinity of the “opti-
mum” value (dotted). Eq. 14 also indicates that this pa-
rameter reflects changes in the maximum ratio of
quantum yields of photochemical and
concurrent non-photochemical proc-
esses in PS2 related to DAS. Thus, the Fy/F, ratio
might be used as a very sensitive indicator of the maxi-
mum efficiency of photochemical processes in PS2 and/or
the potential photosynthetic activity of healthy as well as
stressed plants (¢f. Krause et al. 1982, Lichtenthaler et al.
1984, Babani and Lichtenthaler 1996).
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Fig. 2. Graphical relationships between some Chl fluorescence
parameters: (4) Fy/Fq vs. @p,, (B) NPQ vs. qcn, and (C) Rfd
vs. qrq (area of the most probable Rfd values is shaded). For the
explanation, see text.

Basic fluorescence parameters related to the light-
adapted state

The sufficiently long irradiation of a dark-adapted sample
by continuous AR results in the change of initial Chl FYs
Fum, Fo, and Fp (the maximum Chl FY recorded when AR
is switched on) to the steady-state levels Fy, Fo, and Fs,
respectively (Fig. 1). Transition of the sample from DAS
to LAS can be described supposing a concurrent influence
of the following three processes: the non-photochemical
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quenching of Fy to Fy, photochemical quenching of Fy
to Fs, and change of Fy to F,. Let us denominate coeffi-
cients of proportionality of the individual processes qy,
qp, and qy, respectively. Employing the principle of super-
position, the following equation is valid for Fy (cf
Fig. 1):

F}J[= FM—FVqN—FOqO . (15)

If the formulae 4, 5, and the definition for qo (Bilger
and Schreiber 1986):

Fo—F, F,
= =]-— 16
F . (16)

are introduced into Eq. 15, then (¢f. Schreiber et al. 1986,
Buschmann 1999):

F\’I+F(I) = FV+F0— FVqN - FO + F(;

Fy=(1-q)Fy. (17)
The definition for the coefficient of proportionality qy
called the non-photochemical quenching

of variable ChlF (Schreiber er al. 1986, van
Kooten and Snel 1990) follows from Eq. 17:

Qo

___E‘_’—_F"’zl-F_"’

. 18
F, F, (18)

On
Since generally 0 < Fy < Fy, it means that 0 < qy < 1. As
seen, qy is explicitly not dependent on qp, in contrast with
the definition published by Bilger and Schreiber (1986).
This Chl FP is related to LAS and its values are found
within the interval (0, 1).

The parameter qy reflects activation of the non-photo-
chemical processes during the light period, mostly leading
to the non-radiative energy dissipation (NRD) to heat
(Bjorkman and Demmig-Adams 1995). qy is induced by
changes in the trans-thylakoid pH-gradient, state transi-
tions, photoinhibitory processes (inactivation of PS2 RCs,
zeaxanthin formation), etc. (Krause et al. 1982, Horton
and Hague 1988, Bilger and Bjorkman 1990, Krause and
Weis 1991, Pospidil 1997). qu is defined as the relative
change of Fy and has not to be replaced by other FPs
which consider changes of Fy; (see below).

Variable Chl FY in LAS (Fs—F, ) is described by the
equation (¢f Fig. 1):

Fs—Fo=Fy-Fvge=(1-qp)Fy, (19)

from which the definition of the coefficient gp called the

photochemical quenching of variable

Ch1F (Schreiber et al. 1986, Genty et al. 1989) follows:

g=1-Fs=Fo_y Fs=Fo Bu-fs _aF © )
FV FM_FQ FM“‘FO FV

All expressions in Eq. 20 are equivalent. They only differ
by introduction of the substitution AF = Fy-Fs (Genty
et al. 1989) and Eq. 5. Generally, F, <Fs < Fy and thus
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0< dr £1.

In case of qgp, the decrease (quenching) of ChIF is
connected with the photochemical energy conversion by
the charge separation in RCs of PS2. This Chl FP indi-
cates the photochemical capacity of PS2 in LAS and
quantifies the actual fraction of PS2 RCs that are in the
open state, ie. with re-oxidised Q, (Duysens and Sweers
1963, Krause ef al. 1982). Logically, the complement of
gpto 1:

_Fs-F,
Fu—Fo

1-qp @1
approximates the reduction state of Q, (Bilger and
Bjorkman 1990). This Chl FP is called the degree of
PS2 reaction centre closure (Bjorkman and
Demmig-Adams 1995). By analogy with qp, the parame-
ter 1 —qp is proportional to the fraction of PS2 RCs being
closed in LAS.

The last from three mentioned coefficients, the
relative change of minimum ChlF (q),
Eq. 16, describes changes in the Fy level during the in-
duction by AR. Commonly, it is 0 < Fy < Fy and thus 0 <
qo < 1. But events when F;> F; can also be observed. It
is probably due to not fully re-oxidised PS2 acceptor side
that results in the negative qp values, not exceeding —0.2
(Rohagek and Siffel 1995). There are also indications that
pronounced changes of F, resulting in the large negative
go values can be recorded in the first minute of the light
period (Rohacek and Bartak 1999). Therefore, qq is not
denominated the ‘quenching’ of F, in this paper (cf
Bilger and Schreiber 1986).

As assumed, qp is of the non-photochemical nature,
directly attributable to the high-energy-state ChiF quen-
ching and has characteristics of the antenna quenching
(Genty et al. 1990, Rees et al. 1990). qp has been connec-
ted with the electron flow regulating mechanisms (trig-
gered by the pH-gradient), inactivation of PS2 RCs
(photoinhibition, photodestruction), violaxanthin de-epo-
xidation, and conformation changes within pigment-pro-
tein complexes (state 1-—2 transitions, aggregation of
LHC2); e.g. Bilger and Bjorkman (1990), Horton and
Ruban (1992), Siffel and Vacha (1998). It was reported
that qq is emission wavelength dependent and large differ-
ences can be found in pigment matrices contributing to Fy
at 730 nm (associated with PS1), compared to that at
690 nm (Genty ef al. 1990).

In the frame of approximation used by Oxborough and
Baker (1997), the definitions for q, (Eq. 16), qn (Eq. 18),
and gp (Eq. 20) can be rewritten by means of Eqs. 2—8
into the forms:

CFo-F _d-1  dky _d-1
b="F d ktdlothe  d

q)D > (22)

18

L BieF_d-1 dk [ kthk
W TR TR d krdky|  krdkpth |
d-1 _, 1
= Op | 14+ P+ — Dp |, 23
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Fy—Fs
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respectively. Eq. 22 implies that qo is proportional to the
basal quantum yield of thermal dissipation within PS2 in
LAS (®p) supporting the premise on the non-photo-
chemical nature of qo. Eq. 23 reflects the assumption that
qn covers many processes of the non-photochemical na-
ture which include besides ®p the maximum quantum
yield of thermal dissipation within PS2 in LAS (®p ) and
the minimum quantum yield of ChlF in LAS (®f; ). Eq.
24 confirms the fact that qp quantifies the fraction of PS2
RCs actually open in LAS. Definitions of the newly intro-
duced parameters are as follows (see also Table 2):

de ®M . de

q)Dz—a D — ’
ke +dkp+ ke ke+dkp
ke
Op= —F 25
o ket dky+ kp 5)

Parameters referring to the non-photochemical quen-
ching of ChiF

The non-photochemical chlorophyll
fluorescence quenching (NPQ) is another fre-
quently used parameter. It quantifies processes leading to
the decrease (quenching) of Fy during adaptation of the
sample to AR. NPQ is often used for estimation of NRD
within thylakoid membranes (Bilger and Bjorkman 1990).
It was derived from the Stern-Volmer equation, based on
the matrix model of antenna organisation, assuming the
existence of non-photochemical quenching traps
(Schreiber er al. 1995, Buschmann 1999). In LAS, the
NPQ parameter is defined by the formula (Bilger and
Bjorkman 1990):

Fu-Fu Fu

—M . (26)

NPQ = : g
? Fu Fu

NPQ does not require knowledge of the F, level and can
vary theoretically between 0 and +co. Ordinarily, NPQ is
less than 4 for measurements on the light-adapted samples
(Fig. 2B).

It was reported that NPQ is linearly related to the ex-
cess radiation over a wide range of incident PFDs and the
extent of its development in leaves correlates to a zea-
xanthin formation (Bjoérkman and Demmig-Adams 1995).
Hence, NPQ is often used as an indicator of the excess-



radiant energy dissipation to heat in the PS2 antenna
complexes (Bilger and Bjérkman 1990, Demmig-Adams
er al. 1996, Gilmore 1997). This is absolutely correct if
the quenching process is of the Stern-Volmer type
(Horton 1996). Relation of NPQ to the NRD processes
follows clearly from Eq. 26 after its adaptation using Eqs.
3and7:

NPQ = @=-Dk =(d -1 Dp,. N

ke + ko

Here, ®@p, means the maximum quantum yield of thermal
dissipation within PS2 in DAS. This situation comes in
DAS when the acceptor side of PS2 is over-reduced using
short SP. Then kp tends to O and the thermal dissipation
predominates. As follows from interrelationships of Egs.
13, 25, and 27, it is true that ®p, < ®p < O, < Op if
kp >0, kp > 0, kp > kg, d > 1 (generally fulfilled require-
ments).

By analogy with qy, alternative Chl FP can be intro-
duced not requiring knowledge of the Fy and F, levels
but calculating only with Fy and Ey . Its definition is:

F_M:EM_ =1~ F_M . (28)

T R Fu

Here, it is termed the complete non-photo-
chemical quenching of ChIF (qc), in con-
trast to the non-photochemical quenching quantum yield
(®y, Buffoni er al. 1998). It refers to the energy dissipa-
tion processes connected with both the non-photochemi-
cal quenching of Fy (qy) and the relative change of F,
(qo). If rewritten using Eqs. 3, 7, and 25, the formula 28
leads to:

(d-Dk _d-1
ketdky  d

Jon = Dp . (29
Hence, qcn might be also used as the indicator of actual
NRD within thylakoid membranes due to its proportion-
ality to @p (Eq. 25). In other words, qcy can quantify the
thermal dissipation processes ‘within PS2 complexes.
Because 0 < Fy <Fyin LAS then 0 <qen< 1.

Relation of qcy to qn and qop can be demonstrated ap-
plying Egs. 9, 11, 16, and 18 to the definition 28 in the
following way:

Fy+Fy—Fy-F, Fyv-Fv Fy Fo—-F, Fo
Qen = = -+ e
Fu Fy Fu F, Fu

gen = qn@p, + Qo (1= Dp,) = quDp, + Go Dy, - 30

Thus qcy is the function (f) of three basic FPs, written
formally qen = f{®s, , qns Go); of the diverse access used
by Havaux ef al. (1991) and Buschmann (1995).

At this moment, it is possible to compare NPQ with
qcn on the basis of a mathematical formalism. Using Eq.
28, the expression 26 is modified to:
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NPQ = Fu _’Fh:{ - 1-Fy/Fu _ _Yen

Fum Fm/Fu N 1-qen

It is evident that NPQ and qcn are closely related. NPQ
depends on the same triad of Chl FPs, namely NPQ =
A @, , Gn, Go)- Both parameters can be mutually conver-
ted in accordance with:

€2)

NP
NpQ=—d g - NPQ
1-4qen 1+ NPQ
Due to Fy < Fyin LAS, it always is goy < NPQ. As seen
from the plot in Fig. 2B, qcy is in comparison with NPQ
less sensitive to the increase in NRD at higher values.

(32)

Efficiency of the photochemical processes in PS2

Two Chl FPs have a close relation to the efficiency of
photochemical processes in the thylakoid membranes in
LAS. The first parameter, the effective quantum
yield of PS2 photochemistry (®p), quanti-
fies an extent to which the photochemistry at PS2 is lim-
ited by a comipetition with the thermal decay processes
(Oxborough and Baker 1997). Originally, ®p was called
the efficiency of excitation energy capture by open
(gp = 1) RCs of PS2 (Genty et al. 1989). Its definition is
(see Fig. 1):

CDP=E¥~= — === 33)
Fu Py Fum

By means of the rate constants (Eqs. 6, 7) Eq. 33 acquires
the form (c¢f. Eq. 10):
Fu-Fs ko

= e S kot ke

(34)

As seen, values of @p are always less then ®p, due to
activation of the NRD processes during the light period
(d > 1). Modification of Eq. 33 by the formulae 9, 18, 28,
and 30 leads to:
=ﬂ=f_\_}_ Fy Fu - (1—qn) @,
Fu Fy Fu Fu I—qen
P (DL
1 gn®@p, — o Py,

Op

(ER))

It implies that three principal Chl FPs contribute to @y,
namely @p =f{ ®p, , qn, Go)-

The other parameter is the effective quantum
yield of photochemical energy conver-
sion in PS2 (®,). Many alternative terms exist for
@, in literature, e.g.: the actual quantum yield of PS2
(non-cyclic) electron transport (Genty ef al. 1989), effi-
ciency of PS2 electron transport per quantum absorbed by
PS2 complexes (ibidem), overall quantum yield of photo-
chemical energy conversion in PS2 (Anonymous 1993),
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actual efficiency of energy conversion in PS2 (Bjorkman
and Demmig-Adams 1995), quantum efficiency of PS2
photochemistry (Genty and Harbinson 1996), fraction of
photons absorbed in PS2 antennae utilised in PS2 photo-
“chemistry (Demmig-Adams et al. 1996), and effective
photochemical quantum yield of PS2 (Buffoni er al.
1998). The following definition is widely used for @, in
LAS (Genty et al. 1989);

_AF_Fu-Fs

@, Fs

. 1-—-. 36
Fum Fu Fu (36)
As seen, @, does not require the knowledge of F,, nei-
ther does it need the previous dark adaptation of the sam-
ple. Therefore, @, is often used for field investigations.

If the expression 36 is adapted using Eqs. 20 and 33
then:

Oy=——=¢D>. @7

This well-known relationship (Genty et al. 1989) clarifies
the dependence of @, on four basic Chl FPs. It means that
@O, = Dp, , gp, qn, qo); see Table 1. Eq. 37 also signifies
that @, can be interpreted as the effective quantum yield
of PS2 photochemistry (®p) related to the actual fraction
of photochemically active PS2 RCs (qp) in LAS. For
gr = 1, the actual efficiency of photochemical energy
conversion in PS2 reaches its maximum and ®, equals to
@p. It is valid universally that 0 < @, < Pp < Pp, < 1, as
follows from Eqs. 9, 33, and 36 (¢f. Fig. 5C).

For completeness, the ratios Fo/Fy and Fy/F, (both
related to LAS) can be analysed by analogy with DAS.
The modification using Eqgs. 5, 6, 7, 25, and 33 results in:

—F(.)_Zl—‘l‘:‘\;“:l"q)p:q)N
Fu Fum
N =__kF_tc_1!(P___ = Op+ Dp. (38)
ke+dks+ ke

The F,/Fy ratio is sometimes utilised in the ecophysio-
logical studies and named the degree of thermal energy
dissipation within PS2 complexes (1- Fy/Fy ; Demmig-
Adams et al. 1996, Barker ef al. 1998). But from Eq. 38
follows that this parameter contains besides ®@p, also @g;
(Eq. 25). Therefore, this parameter might be better termed
the effective quantum vyield of non-
photochemical processes in PS2 (®dy); ¢f
Laisk et al. (1997) and Buffoni er al. (1998). ®y quanti-
fies processes in LAS after that the PS2 acceptor side was
quickly re-oxidised.

Because @p < @y, then @y > Dy, according to Egs.
11 and 38. It is due to integration of the non-photo-
chemical processes in the overall excitation energy con-
sumption during the light induction period, as demon-
strated if the Fo/Fy ratio is expressed using Egs. 11, 16,
and 28:
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B _Fi Fo By _ (1=0(1-®1)
Fu Fo Fu Fu I-qen

Numerical values calculated using Eqs. 18, 26, 28, and 38
are mutually comparable (see Fig. 5B). However, to ob-
tain the complete information on the NRD processes
within thylakoids, simultaneous measurements of ChlF
and a thermal photoacoustic signal are necessary (see,
e.g., Buschmann and Kocséanyi 1989).

The meaning of the Fyv/F, ratio can be illustrated us-
ing Egs. 6, 7, 33, and 38 as follows:

Fy FyFy @ @ ke

Fo FuF, 1-® Oy ketdkp

@y = (39)

= (40)
Similarly to Fy/F, (Eq. 14), the Fy/F, ratio might be
termed the effective ratio of quantum
yields of photochemical and concur-
rent non-photochemical processes in
P S2 related to LAS. It reflects changes in the redistribu-
tion of the excitation energy between the photochemical
and non-photochemical pathways during the light induc-
tion phase. The comparison of Eq. 14 with Eq. 40 shows
that Fy/F, < Fy/F, in all cases due to activation of many
non-photochemical processes under the actinic irradiation
(e.g. Krause and Weis 1991, Laisk ez al. 1997).

Overall ChIF quenching in LAS

Variable Chl FY in LAS (Fs~F,) was described by the
expression 19. Application of Eq. 17 to Eq. 19 results in
another important relationship (¢f Schreiber er al. 1986):

Fs—Fo=(1-q)(1-quFy . 41)

It says that the quenching of Fy during the light induction
period is caused both by the photochemical and non-
photochemical processes. Now, it is possible to define by
analogy with gy new Chl FP, the total quenching
of variable ChIF (gqv):

Fo—(Fe—F' g o
oy = 1Y Fs Fo)zl_Fs Fo__Fs Fo @2)
Fy Fv Fu—F,
Comparison of Eq. 41 with Eq. 42 leads to:
I=qrv =(1-@X1-qn), (43)
Qrv=qp+qn=0QpQn - (44)

Thus, qpy reflects the simultaneous effects of both
quenching mechanisms, qry = f{qp, qn), Which are acti-
vated during a photosynthetic utilisation of the excitation
energy. This Chl FP can be interpreted as a measure of
the maximum quenching of Fy by the photochemical and
non-photochemical processes active in LAS. It ranges
from 0 to 1. Although gp and qy are defined to the differ-
ent reference levels (Fy and Fy, respectively), it follows
from Eq. 44 that the values of both FPs can be summed in



principle; ¢f the opposite assertion published by
Buschmann (1995). Their negative product ensures that
the sum does never exceed 1.

Similarly as qry, two other FPs result from a 31multa—
neous co-action of the photocliemical and non-photo-
chemical processes during the light induction period. The
first parameter is named here the total quenching
of ChIF (grq) and calculates only with the Fy and Fs
levels; cf the total quenching yield (®ror, Buffoni e al.
1998). Its definition is (see Fig. 1):

Fy— Fs Fs

=1--% 45
. F, (45)

9qrq =

This Chl FP integrates all quenching mechanisms (gp, qn,
o) depressing Fy under the external irradiance. Hence,
qrq serves also as a measure of the overall excitation en-
ergy consumption by the photochemical and non-photo-
chemical processes in LAS. It ranges theoretically from 0
to 1. Relationship between qrq and principal FPs can be
found using Egs. 4, 9, 11, 16, and 42:

FM—FS Fv+ FQ—Fs'*'F(')"‘F(I)
qTQ= =
Fu Fu
qr= Fy=@s=F) By Fo—Fi Fo

FV FM FO I:M
Grq = Qrv e, + o (1 - Pp,) = Grv Pp, + @Dy, . (46)

The substitution by Eq. 44 implies that qrq = A Pp, , Gp,
qns qo) because:

gro = (Gp + qn — e Gr) Pr, + G D, - @7

The other parameter reflects effect of the maximum
efficiency of photochemical as well as non-photochemical
processes in LAS. This situation comes specifically if AR
is switched off and the plastoquinone pool is quickly re-
oxidised, ie. qp converges to 1, qu and qo are in their
steady-state optimums. Then, the Fg level merges to
Foand the absolute quenching of ChIF (qa)
is determined according to (see Fig. 1):

Fu—Fo Fo

=1-—2. 48
. F (48)

ga =

This new parameter, completing logically a set of
“quenching” Chl FPs, quantifies the relative change be-
tween Fy (p 20, qn =0, go=0)and Fy' (gp = 1, qu in
optimum, g in optimum) during the transition of a sample
from DAS to LAS. g, might be used as the measure of the
maximum excitation energy consumption by the photo-
chemical and NRD processes in LAS. This claim is sup-
ported by the adaptation of Eq. 48 using the formulae 3,
6, 25, and 34:
Fu—Fo (d l)kD+kp d-1

- Dy +Dp. (49
W TR T htdkgr ke d DT “9)
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A simple modification of Eq. 48 using Eqgs. 11 and 16
leads to:

F, F,
-2 (1—q)(1-®
qa F. T, (I—-qo) P)
qa = Dp, + o Py, - (50)

qa depends only on two basic FPs: ga = A ®p,, qo)- Its
values vary hypothetically from 0 to 1. Both qrq and qu
incorporate the total changes of Fy, as the reference level,
and differ in this way significantly from the relative total
quenching coefficient, qpenye, introduced recently by
Buschmann (1995); see the next section.

Last FP reflecting the overall changes of actual Chl
FY in LAS is the ratio of ChlF decrease to
steady-state ChlF (Rfd), also termed the “vitality
index”. Rfd was introduced to quantify the photosynthetic
processes in plants (Brown 1967, Lichtenthaler et al.
1984, 1986). Its definition takes into account maximum
Chl FY measured when AR is switched on in DAS (Fp)
and steady-state Chl FY (Fs) reached in LAS (see Fig. 1):
Fo—~Fs Fp

=— -1 51
F. T GD

Rfd =

The Fs level reflects not only changes of Fy during the
induction period but also changes of F,. Because there
always is Fg < Fp Rfd can range theoretically between 0
and +oo. Typically, it is 1 < Rfd <5 when measured at the
high irradiance (e.g. Haitz and Lichtenthaler 1988).

Rfd has been often used in the ecophysiological
studies as a measure of the photosynthetic activity of
higher plants, for estimation of the photosynthetic' CO,
assimilation rates and Chl content in leaves (eg
Lichtenthaler et al. 1986, Lichtenthaler 1988, Babani and
Lichtenthaler 1996). From its values, conclusions on the
potential photosynthetic capacity, intactness, and func-
tionality of leaves, as well as impact of different stress to
the photosynthetic apparatus were made (Lichtenthaler
et al. 1984, Lichtenthaler 1990, Lichtenthaler et al. 2000).

However, Rfd has not a simple physiological inter-
pretation, irrespective of fact if measured under the low or
high actinic irradiation. If the formula 51 is rewritten by
means of Eq. 45 the result is:

Rfd— Fs Fy ~ Fs—(Fy—Fp)
Fs Fu(1—qm)

Rfd = e =dre® o FunFe (52)
1-qrq Fu

The parameter qro(P) was introduced into Eq. 52 as the
application of Eq. 45 to the Fp peak (¢f Fig. 1). The inci-
dent PFD of AR is usually adjusted in such a way that the .
Fp level is located between the levels 1, Fy and /4 Fy.
Consequently, it is-0.25 < gro(P) < 0.5. Owing to Rfd > 0,
there must be in all cases qrq > qro(P). Because Fp > Fs
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and qrq < 0.9 at physiological conditions the Rfd values
should be found predominantly between 0 and 6 (see
Fig. 2C).

It is often emphasised that the Fp and Fs levels in Eq.
51 should be determined at the high irradiance (e.g. Haitz
and Lichtenthaler 1988). But in this extreme case, when
PFD of AR is close to its saturation value it is Fp = Fyy, Fs
= Fy, qro(P) = 0, and consequently Rfd is close to or
identical with NPQ (¢f Eq. 26). NPQ is, however, line-
arly correlated with the rate of NRD to heat and the zea-
xanthin formation (see the parameter NPQ). Disadvantage
of this regime consists in the negative effect of the con-
tinuous excessive irradiation on the photosynthetic appa-
ratus leading to a strong photoinhibition of photosynthe-
sis. In spite of the fact that the Fg level measured after 5
min of that high irradiation cannot correspond to the
steady-state ChlF level.

The relatively simple formula 52 becomes a very
complex one after its adaptation by Eq. 47:

Rfd = (e + qn — qp qn) Pp, + GoPr, ~ Gro®
1= (qp + qn — Gp Gn) Pr,— Go P,

(53)

As seen, Rfd = f{ @y, , qp, qn, o) and convolution of the
photochemical and non-photochemical processes is evi-
dent. Therefore, the parameter Rfd can give any relevant
information on the actual physiological state and photo-
synthetic activity of plants only in a context of the knowl-
edge of other principal Chl FPs (¢f Lichtenthaler 1990).
The short-term increase of Rfd observed often in stressed
plants is connected most probably with a depression in
the efficiency of PS2 photochemistry (lower @y, , qp) and
an amplification of NRD (higher qy, qo, NPQ). A direct
connection of these effects with the overall photosynthetic
processes, functional performance of the photosynthetic
apparatus, and/or “vitality” of plants is controversial.

Alternative chlorophyll fluorescence parameters
Besides qp, qn, and qo, similar Chl FPs are sometimes

used in literature (e.g. Anonymous 1993, Buschmann
1995, Siebke and Weis 1995, Herrmann et al. 1997):

qP = 5‘1____1:‘_5 , _Fu-Fu , 54
Fu—Fo Fu—Fo
_ Fu—Fs _ Fu—Fu
Gepyrel ——'——FM ~ F(; s Qavyrel Fy— F(; »
Fo—F,
el = ™. 55
q(Foyrel Fy_F, (55)

These formulae seem to respect the experimental finding
that the increasing non-photochemical quenching of Fy is
accompanied by a significant alteration (quenching) of F,.
It is a matter of opinion, how to describe this fact mathe-
matically. The “hybrid approach” used in Eqgs. 54 and 55
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is rather ambiguous, especially in the case of gy« and
Qropel, Decause changes of Fy include the simultaneous
changes of Fy and F, as well.

Comparison of the definitions 54 and 20 indicates that
the parameter qP is systematically higher than qp as long
as Fo > F, which is the most probable case in measure-
ments on higher plants. The numerical difference between
both parameters will increase with the magnifying diffe-
rence between the Fy and F, levels. Similarly, it follows
from definitions 4, 5, 18, and 54 that qy < gN just if F, <
Fo. Moreover, qN is always much higher than qcy because
the reference level Fy—Fy (Eq. 54) is lower than the Fy,
one (Eq. 28); cf Fig. 64, B.

Buschmann’s (1995) relative coefficient of photo-
chemical quenching, qpye in Eq.55, combines both the
photochemical and non-photochemical effects. The rea-
son is that the reference level Fy—F, includes changes
of both Fy (~qp, ~qn) and Fy (~qo). As well, gy is mark-
edly reduced contrary to qp because the reference level
Fu~—F, is much higher than the Fy—F, one. Further,
Buschmann’s relative coefficient of non-photochemical
quenching, Qe (Buschmann 1995), is systematically
higher than qcy and qy as follows from the comparison of
Eq. 55 with Eq. 28 (F,> 0) and Eq. 18 (F, > F,, Fy >
Fo ), respectively. He had also introduced the relative co-
efficient of Fo-quenching, qeoye in Eq. 55, referring to the
same level Fy —F,. However, qeroyra is markedly reduced
in comparison with qo because Fy—F, is many times
greater than F (see Fig. 6).

As referred, the sum of all three “relative” quenching
coefficients ranges between 0 and 1 (Buschmann 1995). It
is not difficult to show from the formulae 55 that:

Fs—F,
Fu-Fp
The expression 56 is less than 1 only if F; < Fg. This
premise is usually fulfilled. But under stress conditions,
e.g. the COy-starvation (Vacha and Durchan 1995, Siffel
and Vacha 1998), the opposite case (F, > Fs) can occur
and then the sum exceeds distinctly 1. Furthermore, the
relative total quenching coefficient, qepinyel = qepyret + quyeel
(Buschmann 1995) if expressed using Eqs. 45, 46, 48, 50,
and 55 means:
_Fu—Fs Fu-Fs Fy
T R F, Fu Fu-F,
Gre _ Grv P, + Qo Dy,
Ja (I)pﬂ +Jo CDNO

@yt + Qoyret + oyt = 1— (56)

Gep + Nyet = (57
As seen, Qi differs significantly from previously de-
fined FPs qrv, qrq, and qa. It is qrq < 9a < grv < qepenyrebs
as follows from Eqs. 9, 42, 45, 48, and 57 (see Fig. 6D).

Last “simplified” Chl FP discussed herein is the for-
mula (e.g. Herrmann et al. 1997):
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sometimes used instead of ®p (Eq. 33). ®P does not re-
quire knowledge of F, that seems to be advantageous.
But only if F, = F it is ®P = ®p. In all other cases, the
difference between ®P and ®; increases. It follows from
Eqs. 33 and 58 that ®P < ®p as long as F, <Fo.

As shown, none of the relationships 54, 55, and 58 is
identical with the previously defined parameters g, qn,
qo, and @, which always require determination of the F,
level even if it is sometimes problematic. The parameters
gP, qN, and ®P should not be used for measurements on
the stressed plants because they might lead to incorrect
results. In the case of qeye, contribution of the non-pho-
tochemical effects to its value should be taken into ac-
count as far as qepye Will be applied as the “measure of
photochemistry” (¢f. Buschmann 1995).

Application to experimental data

Herein, the derived relationships and theoretical claims
are examined using experimental data. To this purpose,
the Chl fluorescence induction kinetic curves recorded
using a PAMI101-103 fluorometer (H. Walz, FRG) on
spruce seedlings during their circadian cycle have been
used (Rohagek and Siffel 1995). Six seedlings of the four-
year-old Norway spruce [Picea abies (L.) Karst.] were
grown and measured under controlled conditions in a cli-
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matic box Sherer (Kysor, USA). The day/night tem-
perature was kept at +21/+11 °C, relative humidity ranged
between 65-75 %, photoperiod with PFD of 470 pmol
m? s (08:00—19:00 h) was alternated periodically with
darkness (21:00—06:00 h). The dawn and nightfall were
simulated using sets of bulbs and fluorescent tubes
switched on and off in three steps: 50-300—-470 pmol
m?s! (06:00—-07:00-08:00 h) and 300-50—0 pmol
m?s! (19:00—-20:00-21:00 h), respectively. In these
intervals, changeover between the day and night tem-
perature regimes was realised. Seedlings were watered
and dewed with distilled water during the nightfall and
their positions were changed with the period of 5-7 d.
Samples were measured in vivo by means of a small pre-
darkening ventilated chamber. Experiments were perfor-
med on July 1994 (Roha&ek and Bartédk 1999).

All the parameters defined and discussed in the fore-
going text are collected in two following tables. In Table
1, the principal ChlF parameters (®p,, qp, qn, qo) and
related ones ( @y, , Fv/Fo, 1 —qp, dove NPQ, grv; grq, qas
Rfd, @p, ,, Dn, Fyv/Fy), their symbols, basic meaning,
and definitions are listed. The relationship of individual
parameters to DAS or LAS as well as their functional
dependence on the principal foursome are indicated. Ta-
ble 2 summarises the parameters introduced by a usage of
the rate constants of three main processes participating in
the utilisation of the excitation energy by PS2. They are
valid just under the assumptions made by Oxborough and
Baker (1997).

Table 1. Chlorophyll (Chl) fluorescence parameters related to the slow Chl a fluorescence induction kinetics. Abbreviations:
DAS/LAS — dark-/light-adapted state; ChIF — chlorophyll fluorescence. ChIF levels are as defined in Fig. 1 and in the text.

Symbol Meaning of the fluorescence parameter
State Definition
Dp, Maximum quantum yield of PS2 photochemistry; Fy/Fy ratio
F F
DAS ®p,=—=1-—; Fy=Fu-Fo
FM FM
qn Non-photochemical quenching of variable ChlF
Fy—Fy Fy Fu-Fo . . o
LAS Q= v V=1——V—=1—L—°—;FV=FM—F0
Fv Fv Fu-Fo
ap Photochemical quenching of variable ChIF
AF  Fy-F Fs—F; ,
LAS QP=“‘T= M. S=l" S. ? ,AF=FM—FS
Fy Fy Fu-Fo
o Relative change of minimum ChiF
LAS Fo—Fo F,
qO = = 1—— —_—
Fo F,
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Table 1 (continued).

Oy, Basal quantum yield of non-photochemical processes in PS2
F
DAS Oy =—=1-Bp, Dy,
Fum
Fy/Fy Maximum ratio of quantum yields of photochemical and concurrent non-photochemical processes in P52
DAS Fy_2n
Fo @y,
1-gp Degree of PS2 reaction centre closure
LAS Fs—F,
1 - qp = T n
Fu—Fo
qen Complete non-photochemical quenching of ChlF
LAS Fu — Fy Fy
qon=——M=1-M= GnDe, + o D,
Fum Fy
NPQ Non-photochemical ChiF quenching
LAS NPQ = Fu _'FM _ F_M =Gy qnPp, + qo D,
Fy Fy 1-qen  1-qn®p,—qo Dy,
qrv Total quenching of variable ChiF
LAS Fy—(Fs—Fo) Fs-F,
= = 1 -— = + -
qrv Fy Fu—F, Qe+ qn—dr N
qrqQ Total quenching of ChlF
LAS Fu—Fs F
drq = K =1——s=(qp+QN—QPQN)CDPO+Cqu)Nu
Fu Fu
qa Absolute quenching of ChiF
Fu—Fo F,
LAS Ga=——=1-—" = Op, + gDy,
Fum Fu
Rfd Ratio of ChlF decrease to steady-state ChiF; “vitality index”
Fob-F F - F,
LAS Rfd=-P—S-TF _j_Grezn® o ¢
s Fs 1-qrq Fum
Dp Effective quantum yield of PS2 photochemistry
Fy Fo 1- 1-qu)@
LAS Dp= -V =1- -2 = Dy, I _ (I-qn) D,
Fu Fu I1-qen 1-gnDp,—qo Dy,
o, Effective quantum yield of photochemical energy conversion in PS2
LAS AF F 1-qn)®
(Dzz'_‘=1"‘_§=qpq)?= qP( qN) Py
Fu Fu I-qn®p,~ Qo Px,
by Effective quantum yield of non-photochemical processes in PS2
Fo 1-
LAS Dy=-L=1-Gp=— L @
Fu 1-qen
Fy/F, Effective ratio of quantum yields of photochemical and concurrent non-photochemical processes in PS2
LAS F_o
Fo ®n

24



CHLOROPHYLL FLUORESCENCE PARAMETERS

Table 2. List of non-photochemical parameters related to the approximation presented by Oxborough and Baker (1997). Abbrevia-
tions: d - dissipation factor; kp — rate constant for the thermal dissipation within the light-harvesting system associated with PS2; /& —
rate constant for the Chl a fluorescence; kp — rate constant for the photochemistry at open PS2 RCs.

Symbol Meaning of the parameter
State Definition
Dp, Basal quantum yield of thermal dissipation within PS2 in DAS
DAS Op, = ok
kp + kD + kp
@, Basal quantum yield of thermal dissipation within PS2 in LAS
LAS Oy — o
ke+dkp+ kp
p, Maximum quantum yield of thermal dissipation within PS2 in DAS
M k
DAS Op = —2
ke + kp
oy Maximum quantum yield of thermal dissipation within PS2 in LAS
LAS o = _dk
ke+dhkp
O, Minimum quantum yield of ChIF in DAS
DAS Op, = L
ket kp+ ke
) Minimum quantum yield of ChiF in LAS
LAS Oy, ke

" ke + dkp+ kr

Numerical values of 12 Chl FPs (for their definitions
see Table 1) are presented in Figs. 3 and 4. The experi-
mental points reflect variability of measured spruce seed-
lings in the course of their circadian cycle as well as a
principal difference between the day and night physio-
logical regimes of plants. It can be inferred from graphs
that inactivation of the photosynthetic apparatus within
the night period leads to the over-excitation of PS2 ac-
ceptor side during the short-term actinic irradiation. This
situation manifests itself as a pronounced decrease in the
efficiency of the photochemical processes (see qp, ®@p, @,
in Fig. 3) and also a large activation of the non-photo-
chemical ones (see qo, qn, NPQ, qen, Rfd in Figs. 3 and 4)
which dissipate the excessive excitation energy mainly to
heat (¢f Rohacéek and Bartak 1999).

Large diurnal changes in values of most Chl FPs can
serve very well for a verification of the all above dis-
cussed theoretical results. For that purpose, the values
were processed in two ways: on the level of individual
experimental points and on the level of smoothed curves.
The individual values of related Chl FPs (®p, ®,, NPQ,
gens 9rvs Gros 9a, REd) were calculated on the basis of
derived equations (Table 1) using experimental values
found for the principal quartet of FPs (®p,, qp, qn. qo)-

Resulted values were in an outright agreement with those
obtained from the definitions based on the respective FY
levels. It demonstrates unambiguously the validity of pre-
sented relationships on the level of individual points. If
the same procedure was applied to averaged data the cal-
culated and smoothed curves exhibited some deviations
(see Figs. 3 and 4). Except of ®p, NPQ, and Rfd, the rela-
tive deviations (8) between points of corresponding
curves (solid vs. dashed) were lower than 2 % (values not
shown). For ®p, NPQ, and Rfd, 6 exceeded 4 % only in a
vicinity of the dotted vertical lines plotted in Figs. 3 and
4. This effect was fully a product of the multiple smooth-
ing and had not its origin in the derived formulae.

Graphs in Fig. 5 demonstrate the following theoretical
conclusions: The finding that Fy/F, is always less than
Fy/F, is shown in Fig. 54. Both ratios are more sensitive
to changes in Fo and F, than Fy/Fy and Fy/Fy can re-
flect. The capability of qu, qen, and @y (the Fo/Fy ratio)
to estimate the efficiency of NRD processes in LAS is
manifested in Fig. 5B. As seen, those curves are very
similar to NPQ (Fig. 4) and qq (Fig. 3). The ratio Fo/Fy
is greater than Fo/Fy (@n > Dy, ) in all cases, as well as
Fo/Fy > 1—qp, which is not evident from the definitions
38 and 21. The truth of inequalities 0 < @, < ®p < Dp < 1
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Figs. 3—4. Circadian cycle of the Norway spruce (Picea abies
[L.] Karst.) monitored as the diurnal courses of 12 Chl fluores-
cence parameters induced by simultaneous changes of the ambi-
ent temperature and irradiance. Each point in graphs (251 points
per plot) corresponds to one fluorescence induction kinetics
recorded in vivo using the PAMI101-103 fluorometer; for ex-
perimental settings see Rohadek and Bartdk (1999). Experi-
ments started at 11:30 (time zero) and were performed on the
current-year spruce branches of 6 different 4-year-old seedlings.
Solid curves in the graphs are results of 100-times repeated
non-egquidistant smoothing from 3 points. Dashed curves were
calculated point-by-point according to derived formulae by
means of the smoothed curves obtained for principal FPs ®p, ,

qp, N> and Yo-
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and @, < gp is shown in Fig. 5C. It is also easy to demon-
strate, applying elementary algebra to Eqgs. 16, 18, 28, 42,
45, that qo < qen < 91 (qn) < grv < 1. These inequalities
are validated graphically in Fig. 5D. Furthermore, the
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Fig. 5. Graphical verification of the inequalities and claims
discussed theoretically in the text. Courses of all indicated Chl
FPs (except @y, , qp, qu, and qp) were calculated according to
derived formulae (see Table 1) using smoothed values found for
the principal parameters.
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Fig. 6. Comparison of the alternative parameters qP, qN, qpyrel,
GNyrels Q(Foyret> Ap+N)re dp+n+Foyrel> and OP with principal (gp, G,
qo) and some related (Gen, drvs Qar 9rq, Pe) Chl FPs. The
courses of alternative and related FPs were calculated according
to the derived formulae (see Table 1 and the text).



course of qrv (Fig. 4, Fig. 5D) indicates that the total
quenching of Fy by photochemical and non-photochemi-
cal processes is almost constant both in the day and night
physiological regimes of plants. Thus qry manifests
clearly the fact that the excitation energy is redistributed
steadily into the photochemical and non-photochemical
pathways depending on the external conditions.

The conclusion that alternative Chl FPs qP and gN
(Egs. 54) are systematically higher than qp and qn, re-
spectively, is demonstrated in Fig. 64,B. As seen, the in-
correct definition of qP results in a misleading distortion
of the gP-course in the night period. From Fig. 6B follows
that there is gen < qn < gN. The Buschmann’s relative
coefficient qpye (in Eq. 55) is markedly reduced
contraryto gp (Fig. 64) as well as qggye t0 qo (Fig. 60).
The coef-ficient quye (Eq. 55) is systematically higher
but close to qy (Fig. 6B). It follows from Fig. 6D that the
Buschmann’s parameter qepinyet (Eq. 57) is higher than
qrq> qa, and gry but almost similar to qry. Further, the
contribution of qroyel t0 Gepsn+royel (EQ. 56) is not negligi-
ble (cf Buschmann 1995). At last, Fig. 6C indicates the
dissimilarity of ®P (Eq. 58) from ®p, mainly in the night
period. '

In summary, this article gives an overview of the Chl
fluorescence parameters which are defined on the basis of
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