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The remote sensing literature on laser-induced chloro- INTRODUCTION
phyll fluorescence has indicated a relation between chlo- During the past decade there have been several researchrophyll fluorescence and photosynthesis but, so far, has programs in the field of laser-induced fluorescence of
not presented a quantitative interpretation of the mea- plants (Günther et al., 1991, 1994; Lichtenthaler et al.,
surements. The present article presents the development 1992; Stober et al., 1994; Methy et al., 1994; Schmuckof a model to quantify the gross photosynthesis on the and Moya, 1994; Lipucci di Paola et al., 1992; Rosema
basis of remote measurements of chlorophyll fluorescence et al., 1988, 1992, 1994a,b; Cecchi et al., 1994; Valentini
and radiance with the Laser Environmental Active Flu- et al., 1994). An issue of this journal was largely dedi-orosensor (LEAF-NL). Combined measurements of the cated to this relatively new class of remote sensing tech-
laser-induced chlorophyll fluorescence and CO2 exchange niques (Remote Sens. Environ. 47, 1994). The present ar-
have been carried out during several days. Drought and ticle only addresses the laser-induced fluorescence of plant
ozone stress were imposed in two separate experiments. chlorophyll, which occurs in the red and near-infrared
The laser-induced fluorescence measurements show a re- wavelength range with maxima at 685 nm and 730 nm.
markable behavior. After sunrise the fluorescence yield It is known that this dynamic signal is related to the light
rises first, but at high radiation and high temperature the reaction of photosynthesis. Its quantitative interpretation
fluorescence yield may decline below the nighttime fluo- in terms of photosynthesis is a major challenge and
rescence. This extremely strong quenching of fluorescence would greatly stimulate the practical application of this
is attributed to photosystem deactivation. On the basis of type of remote sensing.
the available laser-induced fluorescence data, a photosys- Articles on laser-induced chlorophyll fluorescence
tem energy partitioning model is developed and finally have usually focused on the fluorescence band ratio
used to predict photosynthetic electron transport. The re- (FBR5F730/F685) mainly with the argument that this
sults of this new model are compared with those of the would “normalize” the signal. We have shown in earlier
current theory and with the CO2 assimilation data. Con- publications (Rosema et al., 1991; Rosema and Verhoef,
trary to the current theory, the results from the new model 1991) that the FBR depends on optical properties such
show a fairly good correspondence with the CO2 assimi- as excitation wavelength, chlorophyll amount, leaf area
lation data. It is believed that the present results are a sig- index, leaf orientation, and background reflection. It was
nificant step forward to the development of practical appli- shown that the ratio of 690 nm and 770 nm reflection is
cations. Elsevier Science Inc., 1998 much more sensitive to variations in chlorophyll content

than the FBR (Rosema and Verhoef, 1991). With this ap-
proach it is difficult to see what more laser-induced chlo-
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variations, which seemed to be related to effects of air EXPERIMENTAL SET-UP
pollution on photosynthesis, but were not really under- Growing of Plant Materialstood (Rosema et al., 1988). During the 1990s we have

Poplar (Populus nigra Brandaris) cuttings were preparedtherefore focused our research on the explanation of the
and incubated for rooting as described by Pieters anddaily course of the laser-induced fluorescence signal and
Van den Noort (1985). After rooting, the plants wereits relation to photosynthesis. The present article pres-
grown in a phytotron room at 208C, 70% relative humid-ents a detailed model to quantify the gross photosynthe-
ity, and 55 W/m2 ambient light, with a day length of 16sis on the basis of remote measurements of chlorophyll
h. At night the conditions were 188C and 60% relativefluorescence and radiance with a single instrument in a
humidity. Plants with a length of approximately 80 cmsingle wavelength band. The model is derived on the ba-
were selected for the measurements.sis of actual measurements during a number of days. A

The plants were placed in a growth cabinet with glassmodification of existing theory of photosynthetic electron
walls, functioning as an open gas exchange system (Vantransport appeared necessary to explain the peculiar be-
Hove, 1989). The growth cabinet was located within ahavior of the changes in fluorescence that occur during
greenhouse (UNIFARM, Wageningen Agricultural Uni-the day. The knowledge obtained and the model devel-
versity), allowing the plants to be subjected to normal day-oped is expected to be very useful for the planning of
light cycles.data acquisition and the interpretation chlorophyll fluo-

rescence data obtained by remote sensing.
CO2 AssimilationThe plant physiological literature provides an abun-
Figure 1 illustrates the setup used for the gas exchangedance of information on the subject of chlorophyll fluo-
measurements. Ambient air was pumped through therescence, including models which could provide a quan-
cabinet via a buffer to reduce fluctuations in air pressure.titative relation between fluorescence and photosynthetic
The data from the CO2 analysers were corrected for airelectron transport. Much of the results in this field, how-
pressure fluctuations (measured with a Multur AD 1000ever, are based on the use of chlorophyll fluorometers at
absolute pressure sensor, Halstrup Multur, Erwin, Ger-the level of single leaves. An overview of such instruments
many) and variations in the water vapor pressure. Thehas been presented by Mohammed et al. (1995). These
average air flow through the cabinet was set to aboutinstruments use an “analytic” light source (<1 lmol/m2 s)
0.006 m3/s and was continuously monitored using a dif-for excitation. The weak excitation light does not notably
ferential pressure sensor (Delta-P P4, Halstrup Multur,affect the photosynthetic state of the plant. The more ad-
Erwin, Germany). The selection of the measuring pointsvanced instruments make use of a modulated light source
for the various analysers was under control of a WA 161and synchronic detection of the fluorescence signal. This
MK3 channel selector (ADC, Hoddesdon, United King-allows measurement of the fluorescence yield in daylight
dom), with a full sampling cycle through all six channels(u9F). An additional saturating light pulse of about 1 s is
of about 15 min. Four channels were used to sample theused to close all reaction centers. In this way the maxi-
inlet and the outlet of the air flowing through the cabinet.mum fluorescence yield is obtained (u9FM). These two mea-
The remaining two channels served as control enabling thesurements then enable the calculation of the photosyn-
correction for zero drift of the water vapor monitor (ADCthetic quantum yield (u9P), as shown by Genty et al. (1989):
225 MK3 Water Vapour mB, ADC, Hoddesdon, United

u9P512u9F/u9FM. (1) Kingdom) and the absolute CO2 monitor (BINOS 1, Ley-
bold-Heraeus, Woerden, Netherlands). To increase theIn an earlier article in this journal (Rosema and Zahn,
sensitivity at low photosynthetic activity, a differential1997) the question was raised whether laser-induced fluor-
CO2 monitor (ADC 225 MK3, ADC, Hoddesdon, Unitedescence measurements can be interpreted in the same
Kingdom) was used in addition to measure the differ-way as chlorophyll fluorometer measurements. Because
ence between the inlet and outlet air directly. Since twoof the high light intensity of the excitation source, that is,
channels were used to sample both the inlet and outlet,the laser pulse, there is a risk that the state of the photo-
the effective acquisition time step was 7–8 min.synthetic system is affected due to reaction center closure

or exciton annihilation. By means of theoretical modeling
Drought and Ozone Stressand actual measurements with the Laser Environmental

Active Fluorosensor (LEAF-NL), we have shown that Two types of stress were imposed on the plants. Ozone
such unwanted effects do not occur, provided that the stress was induced by the injection of ozone enriched air
laser excitation energy does not exceed 100 mJ/m2. from an ozone generator (Fischer Model 500, Fischer,

In the present article the interpretation of the laser- Bonn, Germany) just before the buffer. The ozone con-
induced fluorescence signal in terms of photosynthesis is centration was measured with an ozone monitor (Mon
considered. To this end, laser-induced fluorescence and Labs 8810, Monitor Labs, San Diego, USA). During
CO2 assimilation measurements have simultaneously been ozone fumigation the average concentration of the outgo-

ing air was approximately 400 lg/m3. When ozone fumiga-carried out on young poplar trees.
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Figure 1. Setup used to monitor the net CO2 assimilation of poplar trees.

tion was applied, the outlet of the main air stream was diance with and without laser excitation in four wave-
length bands (Rosema et al., 1994b). The laser-inducedplaced outside the greenhouse to avoid contamination of

the inlet air. fluorescence is the difference between the active signal
(measured with the laser pulse) and the passive signalDrought stress was induced by gradual drying of the

plant pots after watering at the beginning of the experi- (measured without the laser pulse). The chlorophyll
fluorescence spectrum has two maxima at 685 nm andment. The data were digitized and stored using dedi-

cated software running on a 386SX/25 PC equipped with 730 nm, respectively. The fluorescence has been mea-
sured in two 20 nm wide spectral bands, which werean Advantech PCI-812PG Labcard IO-board (Advantech

Benelux, Roosendaal, Netherlands). centered at these two wavelengths, respectively.
The passive signal in the 730 nm band was used to

estimate the variable PAR level on the plant leaves asLaser-Induced Chlorophyll
Fluorescence Measurements observed with the LEAF-NL instrument. This was done

by regression between the 730 nm band counts and theLaser-induced fluorescence measurements were carried
PAR values measured inside the cabinet.out with the Laser Environmental Active Fluorosensor

(LEAF-NL) on the poplar plants inside the growth cabi-
Fluorometer Measurementsnet along a horizontal optical path through the glass walls

of the cabinet. To avoid that the growth of leaves would In a supplementary experiment measurements were done
with the EARS Plant Photosynthesis Meter (EARS-PPM,influence the signal, the field of view of the LEAF-NL

instrument did not include the plant tops. EARS, Delft, Netherlands), a hand-held chlorophyll fluo-
rometer. It uses a 7200 Hz modulated LED at 637 nmThe Nd-Yag laser of the LEAF-NL instrument pro-

vides 10 mJ pulses of 10 ns length at 532 nm wavelength. for excitation, with a 690 nm infrared cutoff filter in
front. Chlorophyll fluorescence, after passing through aThe measuring distance to the cabinet was 12 m. The

divergence of the laser beam was chosen 50 mrad and 700 nm infrared transmitting filter, is measured syn-
chronically by means of a PIN Si photodiode, preampli-so the diameter of the laser spot hitting the plants leaves

was approximately 60 cm. The corresponding pulse en- fier, automatic gain control, synchronic detector, and low-
pass electronic filter. A 6-V, 15-W Halogen lamp withergy density was about 50 mJ/s, that is, sufficiently low

to prevent disturbing effects that could results from reac- near-infrared blocking filter in front is used to generate
a 5000 lmol/m2 s saturating light pulse, capable of clos-tion center closure and exciton annihilation. Interpreta-

tion of the laser-induced fluorescence data along the the- ing all photosystem reaction centers. The duration of this
light pulse is automatically determined from the courseoretical lines developed in chlorophyll fluoremetry is

therefore justified (Rosema and Zahn, 1997). of the chlorophyll fluorescence signal and is usually be-
tween 0.5 s and 1 s.The LEAF-NL instrument measures the scene ra-
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Figure 2. Fluorescence at 730 nm and PAR
measured on the poplar trees with the Laser
Environmental Active Fluorosensor (LEAF-
NL) during the drought experiment. The fluo-
rescence is normalized to the pre-dawn values
and expressed in %. Note the afternoon de-
cline of the fluorescence far below the night-
time level.

With the PPM two fluorescence yield measurements and 3 demonstrate a very typical, periodic behavior. The
are carried out: one under ambient light (u9F) and one following phenomena are observed.
after closing all reaction centers with the saturating pulse 1. On the first, reference day, the chlorophyll fluo-
(u9FM). From these the yield of photochemistry (u9P) is cal- rescence more or less follows the changes in the
culated with Eq. (1). In addition the PPM measures the PAR level, although PAR is distributed more sym-
photosynthetically active radiation (PAR) incident on the metrically around noon. The fluorescence distri-plant leaf by means of a blue enhanced Si photodiode

bution is skew and shows higher values in the
with a 400–690 nm transmitting filter, which is measuring morning than in the afternoon.
the light scattered from a white diffusor next to the leaf.

2. The maximum fluorescence occurs halfway
through the morning between 9:00 a.m. and 9:30
a.m., when PAR is about 180 lmol/m2 s. TheRESULTS
maximum value reached is about 1.8 times the

Description of the Laser-Induced predawn fluorescence value. At higher PAR levels
Fluorescence Measurements the fluorescence decreases.
Figure 2 shows the time course of the laser-induced flu- 3. On later days, when drought stress develops more
orescence signal measured in the 730 nm band and the
corresponding PAR level during 5 days of the drought
experiment. The fluorescence signal has been normalized Figure 3. Scattergram of the laser-induced fluo-

rescence versus PAR taken during the droughtrelative to the predawn fluorescence value and is there-
experiment. Note the hyperbolic upper part offore expressed in percent. Only the 730 nm fluorescence
the data, which is passed through during thesignal is shown as there appeared to be no significant early morning. Thereafter the fluorescence tends

difference between the 685 nm and 730 nm fluorescence to decline.
signal. The fluorescence band ratio (FBR5F685/F730)
varied only 20%, in spite of the dramatic fluorescence
changes that occurred during the daily cycle. Variations
between 40% and 180% of the predawn fluorescence
value were observed, as shown in Figure 2.

The PAR level during the drought experiment varied
between 0 and 400 lmol/m2 s. The first daily period in
the graph represents the reference day (20 June) when
the plant was still well supplied with water. Thereafter the
plants were left without water supply. The following daily
periods are those of 26–29 June.

Figure 3 shows a scattergram of the normalized 730
nm fluorescence signal versus the simultaneous PAR
level. The fluorescence data presented in both Figures 2

Alex
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and more, the skewness of the fluorescence distri- 1. The exciton is absorbed by the reaction center
bution around noon becomes more pronounced and used for photochemistry.
and a slump in the fluorescence develops during 2. The surplus energy of the electron is dissipated
the afternoon. The time elapsed between the radi- into heat by collision.
ation maximum and the fluorescence slump is 3. The surplus energy of the electron is emitted as
about 3 h. The lowest fluorescence value during a photon (fluorescence).
the slump is only 40% of the predawn fluores- Each possibility has a specific probability, which is ex-
cence level. In the ozone experiment values as pressed in the corresponding rate constant: kP for photo-
low as 10% were observed. chemistry, k9D for dissipation, and kF for fluorescence

4. In the later afternoon the fluorescence value re- emission. The rate constant for dissipation k9D is knownstores, but after sunset is still lower than the pre-
to increase with increasing light level (e.g., Srivastava etdawn value. During the night the fluorescence
al., 1995). Its lowest value, at dark, is denoted kD. Thevalue gradually rises to the predawn level in a
two are arbitrarily related byperiod of about 4 h.

k9D5akD. (2)The behavior of the daily fluorescence cycle is rather
The deexcitation reactions takes place on very short timeunexpected in view of results obtained with single leaves

by Srivastava et al. (1995). Particularly, the reduction of scales in the order of 1029 s. Once a reaction center has
the noon fluorescence to levels far below the fluores- absorbed an exciton, it remains closed for a relatively
cence yield in the dark is remarkable. There seem to be long period in the order of 1024 s.
two regulating mechanisms that are both induced by so- The energy partitioning model used by Genty et al.
lar radiation but at different time scales. The first mech- (1989) assumes separate photosystems. Two populations
anism is an immediate positive effect of radiation on the are discerned: open systems and closed systems. The
fluorescence, which, however, saturates at higher radia- yields of the different deexcitation reactions are found
tion levels (Fig. 3, upper branch of data). This is attrib- from the ratio between the relevant rate constant and
uted to reaction center closure in combination with in- the sum of all rate constants. For open systems, the fluo-
creased dissipation of excitation energy at higher light rescence yield and the photochemical yield are then
levels. The second mechanism dramatically reduces the given by
fluorescence yield to a level far below the predawn fluo-

u9F05kF/(kF1k9D1kP), (3)rescence level, which is assumed to correspond to fully
u9P05kP/(kF1k9D1kP). (4)open reaction centers (uF0). This effect seems to be re-

lated to high radiation levels but is delayed in phase by Closed systems are not capable of photochemistry and
several hours. Comparison with CO2 exchange data indi- thus have only two possibilities for deexcitation (kF and
cates that this mechanism occurs simultaneously with a k9D). While the photochemical yield is zero, the fluores-
strong decrease in CO2 assimilation as will be shown cence yield of closed systems is given by
later (Fig. 10). The phenomenon of a strong decrease in

u9FM5kF/(kF1k9D). (5)fluorescence under high radiation is also present, but not
explained, in the laser-induced fluorescence data pre- If the fraction of open systems is u, the overall yields of
sented by Moya et al. (1995). In the following section fluorescence and photochemistry are given as follows:
we will briefly discuss the current theory of photosystem

u9F5u·kF/(kF1k9D1kP)1(12u)·kF/(kF1k9D), (6)energy partitioning so as to be able to explain the experi-
mental results. u9P5u·kP/(kF1k9D1kP). (7)

In these equations the nomenclature proposed by VanPhotosystem Energy Partitioning
Kooten and Snel (1990) is followed. The prime in u9FThe photosynthetic reaction takes place in photosystems and u9P denotes yields that are affected by increased en-

(PS) which consist of an antenna or “light harvesting ergy dissipation (a.1) or “nonphotochemical quench-
complex” (LHC) connected to a reaction center (RC). ing.” The apostrophe is omitted if a51, that is, at dark
There are two kinds of photosystems, PSII and PSI, or very low light.which work serially together. The photosystems are em-

A relation between the quantum yield of fluores-bedded in a membrane of lipids and proteins, the thyla-
cence and the quantum yield of photosynthesis is ob-koid. The in vivo chlorophyll fluorescence originates
tained by eliminating the fraction of open systems (u)mainly from PSII. When a photon is captured by its an-
from Eqs. (6) and (7). With the appropriate substitutions,tenna, an electron is transferred into the excited state.
this leads to the earlier mentioned relation of Genty etThis “exciton” travels randomly through the antenna and
al. (1989), which readsmay lose its energy by several competing reactions. The

main possibilities are: u9P512u9F/u9FM. (8)
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This equation has been widely used to determine the dark adapted photosystems (uF0). This reference value is
photosynthetic quantum yield by means of fluorometers easily measured and in the case of the laser-induced fluor-
that apply a modulated excitation source and a strong ad- escence measurements is supposed to exist just before
ditional light pulse to close all photosystems, such as the dawn. Thus one obtains
WALZ-PAM and the EARS-PPM.

u9F/u9F05(u9FM/uF0)[12u9P0 /(11re·u9P0·PAR)]. (14)

From Eq. (8) we find for open reaction centers u9FM5u9F0 /Photosynthetic Yield as a Function of PAR
(12u9P0), and this is used to substitute u9FM in Eq. (14). InThe relationship between photosynthesis and PAR has
addition we may derive from Eqs. (2) and (3) that u9F0 /been described by many mathematical functions, includ-
uF05u9P0 /uP0. In this way (14) is expressed in terms of theing the hyperbolic function (e.g., Poulet et al., 1983).
photochemical yields of open reaction centers only:The hyperbolic relation suggests that the photosynthetic

quantum yield (u9P) is also a hyperbolic function of PAR. u9F/uF05{u9P0 /[(12u9P0)uP0]}[12u9P0 /(11re·u9P0·PAR)]. (15)
A useful explanation of this hyperbolic relationship might

The photochemical yield of open reaction centers, how-be found in considering exciton delivery (El) to the reac-
ever, still depends on the rate of energy dissipation k9D,tion centers (the “light reaction”) and electron transport
that is, on a. Using Eqs. (2), (3), and (4), the following(Ed) from the reaction centers into the photosynthetic
expression of u9P0 in terms of a and uP0 may be obtained:system (the “dark reaction”) separately.

The light reaction is proportional to the number of u9P05uP0 /[11(a21)(12uP02uF0)]. (16)
open photosystems (u) and can be expressed as

With (15) substituted in (14), the normalized fluores-
El5u9P·PAR5u·u9P0·PAR. (9) cence yield is entirely expressed in terms of the fully

dark adapted yields (uP0 and uF0), the rate of energy dissi-This is not the case with the dark reaction. On the con-
pation (a), the electron transport resistance (re), and thetrary, if all reaction centers are open (u51) the dark re-
photosynthetic active radiation level (PAR). This substi-action cannot take place. Electron transport (Ed) into the
tution, however, will not be shown here because of thephotosynthetic system will be proportional to the num-
complexity of the expression that is obtained. The valuesber of closed photosystems (12u). We will assume that
of the fully dark adapted yields, uP0 and uF0, are fairlyan electron transport resistance re is involved. The elec-
well known. Demmig and Björkman (1987) have showntron transport (i.e., reopening of the closed PSII reaction
that for both C3 and C4 plants uP0>0.82. uF0 is small,center) may then be formulated as follows:
about 0.01. Thus Eqs. (15) and (16) express the chloro-

Ed5(12u)/re. (10) phyll fluorescence yield in terms of three unknowns:
PAR, a and re. The electron transport resistance re is as-On time scales of milliseconds and longer there must ex-
sumed to be a constant. This, however, is not the caseist equilibrium between exciton delivery to the reaction
for a, which represents the increase of energy dissipationcenters (El) and transport of electrons away from the re-
at higher light levels. In several cases an approximatelyaction centers (Ed), and thus El5Ed5E. A relation be-
linear relationship was found between nonphotochemicaltween the photosynthetic yield and the light level may
quenching of the fluorescence and PAR in plantsthen be found by eliminating u from Eq. (9) and Eq.
adapted to high light (Björkman and Demmig-Adams,(10). This leads to
1995). As a first approximation we will therefore assumeE5u9P0·PAR/(11re·u9P0·PAR), (11)
a linear relation between a and the photosynthetic active

or, since u9P5E/PAR, radiation:

u9P5u9P0 /(11re·u9P0·PAR). (12) a511b·PAR. (17)

This equation predicts the quantum yield of photosyn- Substituting this in Eq. (16), the following expression is
thesis to be a hyperbolic function of the photosynthetic obtained
active radiation (PAR).

u9P05uP0 /[11b·PAR·(12uP02uF0)]. (18)

With Eqs. (15) and (18) the behavior of the normalizedFluorescence Yield as a Function of PAR
fluorescence yield as a function of PAR, with re and b asBy substitution of u9P (12) in (8), also the fluorescence
parameters, can be simulated. The effect of various val-yield may be expressed as a function of PAR:
ues for b and re is shown in Figures 4 and 5, respectively.

u9F5u9FM(12u9P)5u9FM[12u9P0 /(11re·u9P0·PAR)]. (13) If we compare these with the observations shown in Fig-
ure 3, it appears impossible to explain all observations inSince the LEAF-NL laser-induced fluorescence yield
this way. It is possible, however, to obtain a good fit withmeasurement is not calibrated, it is useful to normalize
the upper part of the fluorescence yield data shown inthe fluorescence yield to a reference level. For this pur-

pose it is divided by the fluorescence yield of the fully this figure, which represent the fluorescence values mea-
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Figure 4. Theoretical calculation of the nor-
malized chlorophyll fluorescence yield as a
function of PAR for various values of the
heat dissipation constant b. Figure 6. Scattergram of the laser-induced fluo-

rescence versus PAR. The modeled function, ap-
plying to active photosystems only, is shown
superimposed. The decline of the fluorescencesured during the morning at relatively low radiation. This
below this function is assigned to photosystemfit, shown in Figure 6, is obtained for the following val-
deactivation.ues of the constants involved:

re50.005, (19)
fluorescence measurements were done with the PPM

b50.0035. (20) modulated fluorometer on a single leaf. Figure 7 shows
the time course of the fluorescence and PAR. In the af-The other strongly quenched fluorescence values plotted
ternoon of the first, sunny day an enormous decline inin this graph, which do not fit the hyperbolic relation,
the fluorescence is taking place. This apparently is thecorrespond to high radiation levels.
same phenomenon as observed in the laser-induced fluo-
rescence measurements on poplar. This slump in the flu-Nature of Strong Fluorescence Quenching
orescence does not occur during the second, cloudy day.under High Radiation
Figure 8 shows a plot of the fluorescence yield valuesIt might be argued that the strong decline in fluores-
versus the simultaneous values of the photochemicalcence is not caused by a lowered fluorescence yield but
yield for these two days. It appears that most of the mea-by a decreased light absorption and/or changes in canopy
surements lie on a straight line, except those correspond-structure. Visually, however, no reflectivity changes were
ing to the fluorescence slump under high light. For theseobserved. The following experiment indicates that also
data there appears to be no unique relation betweencanopy structure is not involved. Figures 7 and 8 show
u9P and u9F. On the contrary, strong hysteresis occurs.measurements on a Ficus robusta plant, placed outdoor

The strong quenching of the fluorescence underon a sunny and a cloudy summer day, respectively. The
high radiation might be the result of enhanced dissipa-
tion of excitation energy. This could be caused by i) dis-
sipation in the PSII reaction center, ii) dissipation in theFigure 5. Theoretical calculation of the nor-

malized chlorophyll fluorescence yield as a
function of PAR for various values of the ef-

Figure 7. Normalized chlorophyll fluorescence (u9F/uF0) andfective electron transport resistance re. The
PAR, measured with the PPM on Ficus robusta, as a functioncombination b50.0035 and re50.005 gives
of time, on a sunny and a cloudy day, respectively.a good correspondence with the upper part

of the observed data in Figure 3.
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sumed that photosystems can be in the following differ-
ent states:

Fraction Fluorescence Photochemistry

Active photosystems f possible
with open reaction

centers u·f low
with closed reaction

centers (12u)·f high
Deactivated photosystems (12f) none not possible

For this model the following yield expressions are ob-
tained:

U9F5f·u9F5f[u·kF/(kF1k9D1kP)1(12u)·kF/(kF1k9D)], (21)

U9P5f·u9P5f[u·kP/(kF1k9D1kP)]. (22)

Here the capital U has been used to differentiate the
“overall” yield of all photosystems from the lower case u,Figure 8. Scattergram of the normalized chloro-

phyll fluorescence (u9F/uF0) versus the normalized which is the yield of active photosystems. The following
photochemical quantum yield (u9P/uP0). Early morn- reference values may be introduced:
ing data at low radiation are linearly related.
Strongly quenched noon data, taken under high U9F05f·kF/(kF1k9D1kP), (23)
radiation, show strong hysteresis.

U9FM5f·kF/(kF1k9D). (24)

Elimination of the fraction of active open reaction cen-
antenna, or iii) disconnection of (a part of) the antenna ters (u), from Eqs. (21) and (22), in combination with
from the reaction center. It should be noted, however, Eq. (24) leads to the following relation between the
that the mechanism of dissipation in the reaction center “overall” fluorescence and photochemical yield:
cannot be related to photoinhibition as the fluorescence

U9P5f(12U9F/U9FM)5f(12u9F/u9FM). (25)yield during the slump is much lower than the fluores-
This equation is similar to (8) after Genty et al. (1989)cence yield in the dark. The mechanism of dissipation
except that it includes the fraction of active reaction cen-in the antenna requires an increase of a during the day,
ters f! This equation implies that the calculated estimatessuggesting that the relation between a and PAR is vari-
of the photosynthetic quantum yield and electron trans-able. Leaf temperature has been shown to affect zeaxan-
port based on the Genty formula (8) do not give the rightthin formation and non-photochemical quenching (Bilger
values if a part of the reaction centers is deactivatedand Björkman, 1991). Temperature was also shown to af-
(f,1).fect aggregation and fluorescence emission of isolated

Equivalent to Eqs. (12), (15), and (18), we find theLHCII in vitro (Bardza et al., 1996).
following equations, which express the overall quantumAlthough it is not clear which mechanism is in-
yields as a function of the PAR level:volved, it is obvious that, under conditions where a linear

relationship between u9P and u9F exists, chlorophyll fluo- U9P5f·u9P5f·u9P0 /(11re·u9P0·PAR), (26)
rescence can be used to estimate photosynthetic electron

U9F/uF05f·u9F/uF0flow. As under high radiance nonphotochemical quench-
ing is very high, we assume that energy transfer between 5f·{u9P0 /[(12u9P0)uP0]}[12u9P0 /(11re·u9P0·PAR)] (27)
PSII units is negligible and that PSII can be regarded as

withan isolated unit. Regardless of the mechanism involved,
a part of the PSII centers is deactivated in the sense that u9P05uP0 /[11b·PAR·(12uP02uF0)]. (28)
the probability of charge separation or emission of fluo-
rescence upon excitation is very low. The cause could be Calculation of Photosynthetic Electron
a disconnection of the antenna, drainage of excitation en- Transport Using the PDM
ergy from the antenna or a combination of the two. With the PDM the photosynthetic electron transport

may be calculated from the fluorescence and PAR values
The Photosystem Deactivation Model (PDM) measured with the LEAF-NL instrument. The proce-
In this model deactivated photosystems absorb light dure is as follows. First estimate the (normalized) fluo-
quanta but are not capable of electron transport and flu- rescence of active photosystems from PAR by means of
orescence emission. The fraction of active photosystems Eqs. (27) and (28), setting f51. Then the fraction of ac-
is assumed to be f, and thus the fraction of deactivated tive photosystems f is obtained as the ratio between the
systems is 12f. On this basis the photosystem deactiva- measured fluorescence and the value estimated for active

photosystems. (The course of f during the drought ex-tion model (PDM) is formulated. In this model it is as-
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Figure 9. Course of the photosys-
tem deactivation factor (f) during the
drought experiment. Also the PAR
and air temperature are shown.

periment is shown in Figure 9, together with PAR and air of, and the measured air flow rate through,
the air temperature). The photosynthesis yield of active the gas exchange cabinet.
systems (u9P) is subsequently calculated on the basis of Values of E and Em are represented on the right axis
PAR with Eq. (26). Finally the value of the photosyn- and Pn on the left axis. Units are not given. An exact,thetic electron transport (E) is obtained with

quantitative comparison is not possible for the follow-
E5f·u9P·PAR (29) ing reasons:

or 1. E and Em are a measure of the gross photosyn-
thesis and in principle represent the sum of pho-E5f·u9P0·PAR/(11re·u9P0·PAR), (30)
tosynthesis and respiration in light.

where u9P0 is given by Eq. (28). In the literature electron 2. Pn is a measure of net photosynthesis and in
transport has generally been formulated as the product principle represents the difference between photo-
of u9P and PAR. This appears to be only correct if no pho- synthesis and respiration in light.
tosystem deactivation occurs (f51) and thus provides 3. E and Pn have been measured in a completely dif-
only the maximum possible value (Em): ferent way. Pn represents the net photosynthesis

of all poplars inside the chamber while E repre-Em5u9P·PAR. (31)
sents the gross photosynthesis of only those leaves
exposed to the laser beam.Comparison of Photosynthetic Electron

Transport and CO2 Assimilation Therefore, an exact correspondence between E and
With the methodology, developed in the previous sections, Pn cannot be expected. Major changes in photosynthe-
we have calculated the photosynthetic electron transport sis, however, should affect both measurements in a simi-
on the basis of the fluorescence and radiance measure- lar way.
ments obtained with the Laser Environmental Active The results presented in Figures 10 and 11 show
Fluoro-sensor (LEAF-NL) during the drought and the that there is a fair correspondence between E and Pn ex-
ozone experiment on small Poplar trees in a gas ex- cept for the second day in the graph of the drought ex-
change chamber. These measurements may be compared periment. E and Pn both show a skew distribution around
with the CO2 exchange measurements that were simulta- noon with lower values in the afternoon than in the
nously obtained. The results are shown in Figures 10 and morning. During the last 2 days of the drought experi-
11 for the drought and ozone experiment respectively. In ment and the last day of the ozone experiment this is
each graph three lines are shown, representing: particularly clear. Both display a dramatic decrease of

photosynthesis during the afternoon, which is most likely• Electron transport (E) according to the PDM
caused by stomatal closure. This correspondence is notusing Eq. (30),
observed between Em and P. The PDM appears to be• Maximum electron transport (Em) using Eq. (31),
a suitable tool to trace and estimate major changes in• Net CO2 exchange (Pn) based on measurements

of the CO2 concentrations of the inlet and outlet plant photosynthesis.
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Figure 10. The course of net CO2

assimilation (Pn) and photosyn-
thetic electron transport derived
from the laser-induced chlorophyll
fluorescence measurements dur-
ing the drought experiment, using
existing theory (Em) and the pho-
tosystem deactivation model (E).
The latter better predicts the
(asymmetric) daily course of the
CO2 data. except on the second
day.

DISCUSSION f>82.712.13 Ta20.071 Ta
2 (r 250.73). (33)

We do not know, however, if this relation is direct andFrom the fluorescence and PAR data presented in our
causal or indirect. The experimental data, however, dostudy it seems that the deactivation mechanism is related
suggest that high radiation combined with high leaf tem-to the radiation level. Closer study, however, reveals that
perature induces downregulation of PSII, leading to athere is a phase shift between PAR and f. The best em-
strong decline in fluorescence and photochemical yield.pirical relation is found with the average PAR during the
The effect is gradually reversed at the end of the day asfive previous hours, as shown in Figure 12:
light and temperature decrease.

f>0.97820.00164*PAR5 h (r 250.81). (32) Combined effects of light and high temperature have
The reason for this phase shift could be that when a cer- been observed by Schreiber and Berry (1978). They
tain radiation level is surpassed, a pool of deactivating found a strong light-dependent suppression of the mini-
substance gradually builds up. The phase shift relative to mal fluorescence (uF0) which only occurred at high leaf
the irradiation also suggests a relation with the air tem- temperatures. A possible explanation for the combined
perature. The air temperature was measured inside the effect of high radiance and temperature might be found
gas exchange cabinet during the measurements. The em- in the temperature dependence of heat dissipation in the
pirical relation is shown in Figure 13. It is best approxi- PSII antenna. The xanthophyll has been suggested to be

involved in the dissipation of excess excitation energymated by a curve linear regression:

Figure 11. The course of net CO2 assimila-
tion (Pn) and of the photosynthetic electron
transport derived from the laser-induced chlo-
rophyll fluorescence measurements during the
ozone fumigation experiment, using existing
theory (Em) and the photosystem deactivation
model (E). The latter better predicts the daily
course of the CO2 data, particularly on the last
day when the net CO2 uptake is nil during
the afternoon.
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The decrease in (apparent) reflection at 685 nm and 738
nm must be due to a decrease in fluorescence, which has
emission band maxima at these two wavelengths and is
superimposed on the reflection spectrum. The previous
indicates that the conversion from violaxanthin to zeaxan-
thin and the quenching of chlorophyll fluorescence under
high light took place simultanously. This suggests that
also in our experiments the strong fluorescence quench-
ing at high light and temperature is related to zeaxanthin
formation, which would be mediating the dissipation of
excitation energy.

CONCLUSIONS

Our results indicate that reliable estimates of the overall
photochemical yield and electron transport cannot alwaysFigure 12. The photosystem deactivation factor
be obtained on the basis of the approach published byplotted as a function of average PAR during the

previous 5 h. Genty et al. (1989). Under our conditions these estimates
could be improved considerably by accounting for non-
fluorescence (deactivated) photosystems, as proposed in

(Demmig-Adams and Adams, 1992). This would be me- the present article.
diated by the reversible deepoxidation of violaxanthin to Photosystem deactivation is assumed to be a process
antheraxanthin and zeaxanthin. Zeaxanthin formation in in which the photosystem loses its ability to emit fluores-
intact leaves has been shown to be temperature depen- cence and to transport electrons. The consequent strong
dent with increased rate at higher temperature (Bilger quenching of the chlorophyll fluorescence is phase-shifted
and Björkman, 1991). Barzda et al. (1996) suggest that by several hours relative to the incident radiation. This
in vitro LHCII aggregation, which is assumed to be in- suggests that light is not the only factor involved.
volved in the state leading to increased thermal deactiva- The present results have an important implication
tion of excitation energy, may be induced by local heat- for the application of chlorophyll fluorescence measure-
ing due to excess light. ments as a remote sensing technique. In remote sensing

The conversion of violaxanthin to zeaxanthin causes of vegetation status attention is focused on the occur-
a leaf absorption change around 510 nm (Taylor and rence of anomalies in the signal. In the past, photosyn-
Björkman, 1990; Gamon et al., 1990). In one of their ex- thetic stress in vegetation was usually assumed to be ex-
periments a sunflower crop, which was suddenly exposed pressed as an increase in the fluorescence signal. Our
to high solar radiation, showed a simultaneous decrease present results show that the opposite may be true! A
in (apparent) reflection at 510 nm, 685 nm, and 738 nm. decrease in CO2 assimilation was associated with a de-

crease in chlorophyll fluorescence!

Figure 13. The photosystem deactivation factor
plotted as a function of the air temperature inside This research was supported by the Netherlands Remote Sens-
the gas exchange cabinet. ing Board in the framework of the National Remote Sensing

Programme. The authors would like to thank Mrs. Ria van den
Noort for growing the poplar plants.
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