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Abstract

A series of experiments carried out in a controlled environment facility to induce steady-state chlorophyll a fluorescence variation
demonstrate that natural fluorescence emission is observable on the derivative reflectance spectra as a double-peak feature in the 690—710
nm spectral region. This work describes that the unexplained double-peak feature previously seen on canopy derivative reflectance is due
entirely to chlorophyll fluorescence (CF) effects, demonstrating the importance of derivative methods for fluorescence detection in
vegetation. Measurements were made in a controlled environmental chamber where temperature and humidity were varied through the time
course of the experiments in both short- and long-term trials using Acer negundo ssp. californium canopies. Continuous canopy reflectance
measurements were made with a spectrometer on healthy and stressed vegetation, along with leaf-level steady-state fluorescence
measurements with the PAM-2000 Fluorometer during both temperature—stress induction and recovery stages. In 9-h trials, temperatures
were ramped from 10 to 35 °C and relative humidity adjusted from 92% to 42% during stress induction, returning gradually to initial
conditions during the recovery stage. Canopy reflectance difference calculations and derivative analysis of reflectance spectra demonstrate
that a double-peak feature created between 688, 697 and 710 nm on the derivative reflectance is a function of natural steady-state
fluorescence emission, which gradually diminished with induction of maximum stress. Derivative reflectance indices based on this double-
peak feature are demonstrated to track natural steady-state fluorescence emission as quantified by two indices, the double-peak index (DP1)
and the area of the double peak (A4p). Results obtained employing these double-peak indices from canopy derivative reflectance suggest a
potential for natural steady-state fluorescence detection with hyperspectral data. Short- and long-term stress effects on the observed double-
peak derivative indices due to pigment degradation and canopy structure changes were studied, showing that both indices are capable of
tracking steady-state fluorescence changes from canopy remote sensing reflectance.
© 2002 Elsevier Science Inc. All rights reserved.

1. Introduction pretation, its relationship with photosynthesis, and plant

physiological status and photosynthetic functioning (e.g.,

Natural chlorophyll fluorescence (CF) occurs when red
and far-red light is emitted from photosynthetic green plant
tissues in response to photosynthetically active radiation. In
the chloroplast, light energy is harvested and processed by
two photosystems, which produce oxygen and energy
through a series of oxidation—reduction reactions (see Ke,
2001). The importance of CF has been the subject of several
reviews detailing theory, measurement methods and inter-
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Krause & Weis, 1984; Larcher, 1994; Lichtenthaler, 1992;
Lichtenthaler & Rinderle, 1988; Papageorgiou, 1975;
Schreiber & Bilger, 1987; Schreiber, Bileger, & Neubauer,
1994). When plants are exposed to excess light, CF is a
protective process by which plant chloroplasts dissipate
light energy that exceeds photosynthetic demands, thereby
minimizing light-induced oxidative damage (see, e.g., Gil-
more & Govindjee, 1999; and several chapters in Frank,
Young, Britton, & Cogdell, 1999).

In general, steady-state CF and photosynthetic rates are
inversely related, such that CF is low when photosynthesis
is high. However, CF can also decline when photosynthesis
is low, because of an intensified protective quenching action
on CF production. Under increasing stress, plant tissues
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shift toward increasing heat production to dissipate excess
energy, and this tends to have the effect of reducing CF
production, at least in the initial and intermediate stages of
stress (Yahyaoui, Harnois, & Carpentier, 1998). The inter-
dependence of photosynthesis and CF, and the various
mechanisms of CF quenching have been the subject of
much research into the photobiology of a wide range of
plant species (Govindjee, 1995; Larcher, 1994; Lich-
tenthaler, 1992; Mohammed, Binder, & Gillies, 1995;
Schreiber & Bilger, 1993).

The total amount of CF emitted by photosystems I (PS-I)
and II (PS-II) is typically less than 5% of total light
absorbed. Nevertheless, CF can be quantified with sensitive
instrumentation in direct contact with the leaf tissue (Bol-
har-Nordenkampf et al., 1989; Mohammed et al., 1995),
such as the family of instruments known as modulating
fluorometers.

Accurate remote detection of natural CF would enable the
measurement of canopy-level CF without being in direct
contact with the vegetation canopy. Measurement of solar-
induced natural fluorescence in vegetation canopies were
reported by McFarlane et al. (1980), who measured solar-
induced fluorescence in citrus canopies using the H-a
Fraunhofer line at 656 nm, and Carter, Theisen, and Mitchell
(1999) and Carter, Jones, Mitchell, and Brewer (1996) using
the H-a and O,-B lines in leaf measurements. Buschmann
and Lichtenthaler (1988) provided experimental evidence of
a solar-induced fluorescence signal superimposed on leaf
reflectance signatures. Additional studies suggested the
effect of fluorescence on apparent reflectance (Gamon &
Surfus, 1999), although the effect of the fluorescence signal
on the apparent reflectance spectra of leaves was not quanti-
fied. Zarco-Tejada, Miller, Mohammed, and Noland (2000)
demonstrated on a theoretical basis the CF effects on leaf-
level reflectance and transmittance. These effects could be
quantified using radiative transfer theory and a newly devel-
oped Fluorescence—Reflectance—Transmittance (FRT) leaf-
level radiative transfer model. Subsequent studies demon-
strated quantitatively that CF effects could be detected at the
canopy level in the laboratory using light induction with cut-
off filters, time-decay experiments, reflectance difference
calculations, and optical indices from the reflectance spectra
collected with the Compact Airborne Spectrographic Imager
(CASI) (Zarco-Tejada, Miller, Mohammed, Noland, &
Sampson, 2000; Zarco-Tejada, Miller, Mohammed, Noland,
& Sampson, 2001; Zarco-Tejada, Miller, Mohammed,
Noland, & Sampson, 2002). These authors suggested that a
double-peak feature at 690—710 nm spectral region seen in
the derivative reflectance was possibly due to the combined
effects of fluorescence emission and low chlorophyll a+5
(C, +») content on stressed vegetation, providing potentially
important applications in vegetation stress detection using
passive hyperspectral remote sensing methods. Although
promising results were found on natural CF detection
through canopy reflectance and derivative analysis, further
research is needed under controlled conditions to demon-

strate that the double-peak feature seen on the canopy
derivative reflectance is due solely to steady-state CF effects,
and not to other confounding effects. Such derivative canopy
reflectance methods would enable the remote sensing of
small (about 3—5% of absorbed radiation) yet important
natural CF at the canopy level, therefore facilitating the
remote monitoring of photosynthetic functioning using pas-
sive hyperspectral sensors.

The experiments described here with small canopies in
controlled conditions study the effects of steady-state chlor-
ophyll fluorescence variation on canopy derivative reflec-
tance, focusing on the double-peak feature described above.
Changes in the natural steady-state CF were induced in a
series of experiments using a controlled temperature and
humidity-regulated chamber with stable light conditions.
These experiments enabled the study of reflectance changes
as function of the variable natural fluorescence, monitoring
the derivative reflectance measured with a spectrometer.
This paper describes that the unexplained double-peak
feature previously seen on the canopy derivative reflectance
is due entirely to chlorophyll fluorescence effects, demon-
strating the importance of derivative methods for fluores-
cence detection in vegetation.

2. Experimental methods and materials

Two small canopies of 2-year-old potted trees of Acer
negundo spp. californium of 1 m? in size were used in the
experiments carried out in a controlled environment facility.
Temperature and humidity were varied in the controlled
facility in order to test whether canopy reflectance and
derivative analysis methods were able to track induced
variations of steady-state CF. Below we describe the exper-
imental procedures for the experiments and the method-
ology employed.

2.1. Data collection

The two potted canopies of A. negundo used in these
experiments varied in their stress levels as assessed through
C, +p concentration and CF steady-state (Ft) measurement
(healthy canopy, C, s »=35 pg/cm? and Ft=0.64; chlorotic
canopy, C, =21 pg/cm® and Ft=0.47). The plants were
grown in a potting mixture containing 40% composed fir
bark, 30% peat, 15% pumice, and 15% sand at an outdoor
growth facility under 70% shade cloth. Plants were irri-
gated, and fertilized only at the beginning of the growth
season.

A Conviron PGV36 (Controlled Environments, Winni-
peg, MN, Canada) growth chamber (CEF) was used in the
experiments in order to induce a stress condition in the
canopies as function of temperature and humidity variation
with constant light conditions. The CEF growing area was 3.3
m?, with dimensions of 223 ¢cm wide, 246 cm depth, and 203
cm height. Temperature (f) was programmed to vary from 10
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FOV =

height=0.72 m

Fig. 1. Schematic view of the controlled environment facility used for reflectance data collection and experiments (left), and nadir view of the canopy used

showing the area covered by the field of view of the instrument (right).

to 35 °C, while relative humidity (r,) varied between 42%
and 92%. Photosynthetic active radiation (PAR) was meas-
ured in the CEF with a Li-Cor LI-250 light meter coupled to a
LI-190SA quantum sensor (Li-Cor, Lincoln, NE, USA),
obtaining an average of 750 umol quanta m ~ % s~ ! at the
canopy surface. Light was provided using four types of light
sources in the chamber: metal halide, high-pressure sodium,
mercury vapor, and incandescent lamps.

The CEF was equipped with an ASD FieldSpec Pro
spectrometer (Analytical Spectral Devices, Boulder, CO,
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Fig. 2. Temperature and relative humidity variation in the controlled
environment facility used for the experiments. Note the induced stress and
recovery periods set for fluorescence variation detection.

USA) collecting data in the 350—2500 nm spectral region
with spectral resolution of 3 nm at 700 nm, 10 nm at
1400—-2500 nm, and with a sampling interval of 1.4 nm
between 350 and 1050 nm, and 2 nm between 1050 and
2500 nm. A 200-um-diameter single mode fiber optics was
used for data collection with a field of view of 25° placed
at 0.72 m from the vegetation canopy, therefore covering
an area of 0.16 m radius of the vegetation canopy (Fig. 1).
A 70x70 cm BaSO, calibration panel was used for
calculation of reflectance. Vegetation and panel radiance
measurements were taken by averaging 50 scans at 100 ms

Canopy Reflectance

400 500 600 700 800
Wavelength (nm)

Fig. 3. Canopy reflectance collected from the healthy and chlorotic
vegetation canopy using spectrometer in the 400—800 nm spectral range.
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Fig. 5. Long-term variation of steady-state Ft fluorescence measured from
the healthy and stressed canopies at the beginning and end of the
experiments (top). Short-term fluorescence variation due to temperature and
relative humidity change in the controlled environment facility (bottom).

integration time, and dark current correction at every
spectral measurement. A Savitzky—Golay second order
polynomial least-square function of 25 and 40 nm band-
width were used to smooth the signal between 350—1050
and 1050-2500 nm spectral regions, respectively (Savitzky
& Golay, 1964).

Single leaf reflectance and transmittance measurements
were acquired on leaf samples using a Li-Cor 1800-12
Integrating Sphere apparatus (Li-Cor) coupled to the 200-

Fig. 4. (a) Calculation of reflectance difference to extract the fluorescence
signal from the reflectance, (b) calculation of fluorescence-sensitive optical
indices from reflectance spectrum, and (c) canopy derivative reflectance
and fluorescence emission bands.
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um-diameter fiber of the spectrometer. Single leaf reflec-
tance (p) and transmittance (t) measurements were acquired
as described in the manual of the Li-Cor 1800-12 system
(Li-Cor, 1983) and in Zarco-Tejada, Miller, Mohammed,
and Noland (2000) in which six signal measurements are
required, including transmittance signal, reflectance signal,
reflectance internal standard, reflectance external reference,
and dark measurements.

Chlorophyll fluorescence was analyzed with a Pulse
Amplitude Modulation (PAM-2000) Fluorometer (Heinz-
Walz, Effeltrich, Germany). Procedures used for measuring
chlorophyll fluorescence were based on standard procedures
as described in the PAM-2000 manual (Heinz-Walz, 1993).
Effective quantum yield, which denotes the actual efficiency
of PS-II photon capture of light by closed PS-II reaction
centers, was determined as AF/Fm’'=(Fm’ — Ft)/Fm/’, where
Fr' is the maximal fluorescence of a pre-illuminated sample
with PS-II centers closed, and Ft is the fluorescence at
steady state (Genty, Briantais, & Baker, 1989; Van Kooten
& Snel, 1990). Fluorescence measurements were made in
the CEF facility by randomly sampling 50 leaves from the
canopy using the PAM-2000 leaf clip holder, which exposes
a 1-cm-diameter sample area to the fiberoptic light emitter
and detector array. Steady-state fluorescence features were
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measured under the ambient light conditions of the CEF
(750 pmol quantam ~%s ).

Extraction of chlorophyll from leaves was carried out at
different stages during the experiment. Sampled leaves were
used to excise 2.3-cm circles, which were subsequently
ground in liquid N,, weighed, and placed in a 15-ml
centrifuge tube. Ten milliliters of N,N-dimethylformamide
(Spectral-analysis grade, Fisher) was added to the tube.
Tubes were placed horizontally in a darkened 4 °C orbital
shaker set to 100 rpm for 2 h to extract pigments, then
centrifuged at 5 °C and 5000 X g for 20 min. Samples were
then placed in a dark, 4 °C refrigerator for 20 min and
removed from the refrigerator, placing 3 ml of supernatant
in a cuvette and the absorbance measured at 663.8, 646.8,
and 480 nm with a Hewlett Packard Diode Array 8452A
spectrophotometer. Chlorophyll a, chlorophyll b, and total
carotenoid concentrations were calculated using the extinc-
tion coefficients derived by Wellburn (1994).

2.2. Chlorophyll fluorescence induction and measurement
protocol

Chlorophyll fluorescence variation on potted canopies
was induced in the CEF chamber by ramping temperature
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Fig. 6. Fluorescence emission extraction subtracting the canopy reflectance measured at two stress stages (top left). Spectral reflectance difference calculated
between all measurements collected every 30 min during the course of a 9-h experiment, and the one collected at the maximum stress induction (=35 °C,
rn=42%), enabling the extraction of the fluorescence signature at any given time (top right and bottom).
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and relative humidity in 9-h periods (Fig. 2). Temperature
was varied from 10 °C at the start of the experiment (=0 h)
to 35 °C in the middle (t=4.5 h), followed by a recovery to
initial conditions of 10 °C at the end of the experiment (=9
h). Relative humidity varied from 92% at initial conditions
down to 42% at the middle of the experiment (¢=4.5 h), the
time of the maximum temperature (35 °C) and, thus, the
period of the highest induced stress of the 9-h experiment.
The described variation of environmental conditions was
chosen to induce fluorescence emission reduction from PS-
II and PS-I while enabling recovery during the second half
of the trial. Reflectance changes detected during stress
induction were expected to occur during both induction
and recovery periods, therefore uncoupling fluorescence
effects on reflectance from structural changes and pigment
degradation occurring during the course of the 9-h experi-
ment sets.

Vegetation canopies were watered at field capacity at the
start of each series of experiments, with no irrigation
afterwards, thus inducing long-term stress over the duration
of the trial. The chlorotic canopy (Cy . ,=21 pg/cm?) was
used for data collection during a 7-day period of 9-h trials
inducing stress conditions as previously explained. The
healthy canopy (C,.,=35 ug/cmz) was used for stress
induction and data collection in an 18-day period of 9-h
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trials. Reflectance spectra were collected every 30 min
during the 9-h experiments and without touching or mov-
ing the vegetation canopy. Although the CEF chamber
assured constant illumination during the 9-h periods, radi-
ance data were calibrated to reflectance using the BaSOy,
panel at every measurement. This protocol ensured accu-
rate reflectance calculations at every measurement, inde-
pendent of the temperature change occurring inside the
growth chamber, and therefore the possible effects on the
instrument calibration and dark current characterization.
Fig. 3 shows canopy reflectance measurements at different
stages of the trial.

Chlorophyll fluorescence measurements were carried out
at the start, middle, and end of the multi-day experiment
every 30 min during each 9-h period. Steady-state and
fluorescence yield were measured from 50 leaves sampled
at random, and the average and standard deviation was
calculated to characterize fluorescence variation during
induction and recovery periods. Changes found in the
canopy reflectance measured during the stress induction
and recovery period could then be related to actual measure-
ments of fluorescence measured during the same periods.
Methods for extracting the fluorescence signal from the
canopy-level reflectance spectra measured in these series of
experiments are described in the next section.
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T T T T T
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Fig. 7. The double-peak feature gets removed from the derivative reflectance at times of low fluorescence emission, appearing at initial and end conditions

when fluorescence is higher through temperature and humidity induction.
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2.2.1. Optical indices sensitive to chlorophyll fluorescence
variation

Three different methods were used to extract the
fluorescence signal from canopy-level reflectance. The first
method consisted in the calculation of the reflectance
difference between two times at which fluorescence emis-
sions were different due to the induced effects described
above. This method “extracts” the fluorescence change
between the two times at which reflectance is collected
(Zarco-Tejada, Miller, Mohammed, & Noland, 2000) (Fig.
4a). It also shows the changes in reflectance; see effects in
the blue region at 370 nm, in the green region at 530 nm,
and at 690 and 730 nm due to the CF emission. The
second method is based on optical indices calculated from
reflectance bands affected by fluorescence emission (i.e.,
bands in the spectral region between 670 and 770 nm with
center emission at 690 and 730 nm) and then normalizing
these to bands not affected by CF emission (e.g., 600 and
800 nm) (Fig. 4b). Several optical indices calculated within
the red-edge spectral region from reflectance have been
used in the literature (Zarco-Tejada, Miller, Mohammed, &
Noland, 2000; Zarco-Tejada, Miller, Mohammed, Noland,
& Sampson, 2000; Zarco-Tejada et al., 2002), such as
the curvature index (R675R690)/R6832, and ratio indices
such as R7s50/Rgo0, Regs/Ress, Reoo/Ress. In the third
method, the calculation of derivative reflectance enables

289

the detection of subtle changes due to fluorescence
emission in the red-edge region while minimizing other
confounding effects. Derivative indices used are D7gs/
D122, D730/D706, DP22 (D} /D730), DPR1 (D, /D; +12),
where 4, is the inflexion point of the reflectance spectrum
in the red-edge spectral region. Additional indices indi-
rectly related to chlorophyll fluorescence can be calcu-
lated from the 530 to 550 nm region and have been
found to be responsive to changes in photosynthetic radia-
tion use efficiency (Gamon, Serrano, & Surfus, 1997), such
as the photochemical reflectance index (PRI), calculated as
(Rs31 — Rs70)/(Rs31 + Rs70).

The third method described here is the focus of the
analysis carried out on the canopy-level reflectance spectra.
Canopy derivative reflectance spectra were calculated as
9p~(p;+1— pi— 1)(Ai+1—2i_1), and optical indices com-
puted. The effects of the induced stress on these described
indices and spectral derivative signatures were studied in
order to account for the effects of chlorophyll fluorescence
variation during stress induction and recovery.

3. Experimental results and discussion

Results of the data collection and analyses of fluores-
cence and canopy reflectance measurements are described
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Fig. 8. Derivative reflectance calculated from canopy reflectance every 30 min during the course of a 9-h stress induction showing the effect of the fluorescence

emission on the double-peak feature.
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here, showing the relationships found between derivative
reflectance spectra and chlorophyll fluorescence measure-
ments.

3.1. Chlorophyll fluorescence results

Steady-state fluorescence measurements using the
PAM-2000 instrument were demonstrated to track the
stress status of the canopies used in these series of
experiments (Fig. 5). Measurements taken at the begin-
ning of the 7-day and 18-day experiment on the chlorotic
and healthy canopies showed that lower Ft values were
observed at the end of the trials. These results are
consistent with the expectation of long-term stress due
to the induced water stress over the 7-day and 18-day
experiments. Moreover, these results demonstrate that CF
measurements were able to differentiate stress status from
steady-state fluorescence measurements collected at the
beginning and at the end of the long-term stress induc-
tion (Fig. 5, top).

Short-term stress was shown to induce Ft variation
through changes in temperature and relative humidity
(Fig. 3) in the controlled environment facility (Fig. 5,
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PJ. Zarco-Tejada et al. / Remote Sensing of Environment 84 (2003) 283-294

bottom). Short-term stress induction affected steady-state
fluorescence such that fluorescence varied inversely with
temperature and positively varied with relative humidity.
This decrease in CF associated with increasing temperature
likely reflects the shift toward the increasing contribution of
heat production as a mechanism of dissipating energy. These
results also demonstrate that steady-state fluorescence val-
ues returned to initial (less stressful conditions) as the
temperature and humidity returned to the initial conditions.
Induced short- and long-term effects on steady-state fluo-
rescence were therefore successful, enabling the study of the
effects of fluorescence variation on canopy reflectance
measurements.

3.2. Canopy derivative reflectance results

Short- and long-term stress effects due to pigment
degradation, fluorescence emission variation, and canopy
structural changes were captured by the canopy reflectance
collected in the series of experiments. Short-term effects
due to fluorescence induction, through temperature and
relative humidity variation during the course of the 9-h
trials, could also be detected on the canopy reflectance.
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The two fluorescence emission bands centered at 690 and
730 nm due to PS-II and PS-I photosystems, respectively
(see Govindjee, Amesz, & Fork, 1986), could be extracted
by subtracting the canopy reflectance measured at high
stress conditions (lower fluorescence emission, =35 °C,
rn=42%) from the reflectance measured at low stress
conditions (higher fluorescence emission, =10 °C, r,=
92%) (Fig. 6, top left). This procedure was conducted for
all measurements during the course of the 9-h experiment,
enabling the extraction of the fluorescence signature at any
given time (Fig. 6, top right and bottom). It can be seen that
reflectance changes induced by temperature and relative
humidity were associated with the variation of the fluores-
cence emission. More importantly, it was also demonstrated
that recovery occurred when temperature and humidity
returned to initial conditions, therefore increasing the
steady-state fluorescence emission and its effects on the
canopy reflectance.

Derivative reflectance calculations were carried out
from canopy reflectance measurements to test whether
the double-peak feature previously observed (Zarco-Tejada
et al.,, 2002) could be solely explained as a function of
steady-state fluorescence variation. No canopy structural
effects or extreme pigment degradation occurred during the
course of a 9-h experiment. Therefore, canopy reflectance
changes were solely attributed to fluorescence variation,
thus enabling the test of these effects at both induction and
recovery stages. Corroborating results for this were found
by demonstrating that the canopy derivative reflectance at
times of higher fluorescence emission (higher Ft, r=10 °C,
rm=92%) clearly show a double-peak feature in the deriv-
ative reflectance and that this feature diminishes with
increasing stress induction (lower Ft, =35 °C, r,=42%)
(Fig. 7). As demonstrated in Fig. 7, the double-peak
feature is absent from the derivative reflectance at times
of low fluorescence emission, but does appear under
conditions when fluorescence is higher. The main potential
of this method is that the double peak seen on the
derivative reflectance is a direct indicator of fluorescence
emission, and not a relative measurement of the difference
existing between two canopy reflectance spectra, as shown
in Fig. 6. Derivative reflectance values calculated from
canopy reflectance at 30-min intervals show the effect of
the fluorescence emission during the course of the experi-
ment (Fig. 8).

Long-term stress effects of steady-state fluorescence on
canopy derivative reflectance were also studied (Fig. 9).
Canopy derivative reflectance calculated through the 18-
day trial at times of maximum (09:30 h, =10 °C,
" =92%) and minimum fluorescence emission (13:30 h,
t=35 °C, r,=42%) showed that canopy structural changes
and pigment degradation occurred during the course of the
experiment (C,, , varied from 35 to 23 pg/cm?) but did
not prevent the detection of fluorescence emission using
the described double-peak feature. The maximum of the
first derivative (the inflexion point of the red-edge reflec-

tance spectrum) shifted to shorter wavelengths due to
pigment degradation, as expected and previously reported
(Horler, Barber, & Barringer, 1980; Horler, Dockray, &
Barber, 1983; Rock, Hoshizaki, & Miller, 1988; Vogel-
mann, Rock, & Moss, 1993). Despite these described
changes in the canopy, it can be seen that the double-peak
indicator of fluorescence emission could be detected dur-
ing the course of the 18-day experiment at times of higher
fluorescence emission (Fig. 9, bottom left) and disappear-
ing during the times of lowest fluorescence emission (Fig.
9, bottom right).

The next section describes the results obtained that
quantitatively demonstrate the relationship between optical
indices calculated from the double-peak feature in the
derivative reflectance and steady-state Ft fluorescence meas-
urements.
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Fig. 10. Derivative reflectance bands at 688, 697, and 710 nm used for
calculation of the double-peak optical index DPi at times of low and high
induced fluorescence (top); canopy reflectance measured at the beginning
and end of experiment 18 days later (bottom).
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3.3. The double-peak indices DPi and Ag, to track steady-
state chlorophyll fluorescence variation

The double-peak optical index (DPi) was calculated from
the derivative reflectance bands 688, 697, and 710 nm as
shown in Fig. 10 (top), showing the canopy reflectance
measured at the beginning and end of the experiment (Fig.
10, bottom). The DPi index is calculated as (Dggg-D710)/
Dgo7” to increase its sensitivity to the 697 nm band that
generates the peak of the fluorescence signal. Derivative
reflectance spectra show the peak feature due to the fluo-
rescence effects at both the beginning (day 1) and end of the
experiment (day 18), when both pigment and canopy
structural changes occurred.

The short-term variation in Ft and the derivative index
DPi for the beginning and end of the 18-day experiment are
seen in Fig. 11. The behavior of Ft and DPi during the
diurnal course of the trial for the first (Fig. 11, top left) and
last day (Fig. 11, top right) of the experiment demonstrate
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their close relationship. It is seen that the double-peak index
DPi closely tracks steady-state fluorescence when temper-
ature and humidity changes are induced. The variation of Ft
(Fig. 11, bottom left) and DPi (Fig. 11, bottom right) at the
beginning and end of the experiment are consistent with
expectations, showing that both Ft and DPi decrease due to
the long-term stress effects induced during the 18-day
experiment. The relationship found between DPi and Ft
(Fig. 12, top) at the beginning (+*=0.97) and the end of the
trial (+*=0.88) demonstrate that the suggested index based
on the double-peak feature closely tracks steady-state Ft
variation.

The effects of structural changes in the canopy, due to
induced stress on the proposed double-peak index, were also
considered. The area of the double-peak feature (Agp)
between 688 and 710 nm was calculated from derivative
reflectance. Fig. 12 (bottom) shows the relationship be-
tween Ft and DPi (+*=0.67), and Agp (+*=0.77) for the
measurements before and after any long-term structural
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Fig. 11. Variation of Ft and DPi during the course of the induced stress by temperature and humidity during the first (top left) and last day (top right) of the 18-
day trial. Variation of Ft (bottom left) and DPi (bottom right) at the beginning and end of the experiment showing that both Ft and DPi decrease their values due

to the long-term effects induced during the 18-day experiment.
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(#*=0.97) and the end of the trial (+*=0.88). Relationship between Ft and
DPi (*=0.67) and Agp (#*=0.77) for the measurements before and after
long-term structural changes occurred in the canopy (bottom).

changes occurred in the canopy in the 18-day experiment.
These results suggest that both indices based on the deriv-
ative reflectance and double-peak feature are capable of
tracking Ft variations for both short- and long-term stress
conditions.

4. Conclusions

Experiments reported in this paper demonstrate that
steady-state chlorophyll fluorescence effects are observable
in canopy derivative reflectance through a double-peak
feature that is created in the 690—710 nm spectral region.
Experiments were carried out on small canopies of A.
negundo in a controlled environment facility to induce stress
through temperature and humidity variation. The experi-
mental temperature ranged from 10 to 35 °C, with relative
humidity varying inversely from 92% to 42%. This varia-

tion in conditions induced changes in natural steady-state
fluorescence that were captured by both fluorometer meas-
urements at the leaf level, and fiber optic spectrometer
reflectance measurements at the canopy level. These results
are consistent with previous theoretical descriptions of the
chlorophyll fluorescence effects on apparent reflectance,
and provide substantiating evidence that the double peak
observed on the canopy derivative reflectance is a function
of the steady-state natural fluorescence emission bands
centered at 690 and 730 nm.

Short-term and long-term stress induction through tem-
perature and humidity variation were studied through canopy
derivative reflectance analysis, demonstrating that the dou-
ble-peak feature at 690—710 nm in the canopy derivative
reflectance is directly related to the natural fluorescence.
Two optical indices calculated from canopy derivative
reflectance are suggested as they demonstrate to be directly
related to the steady-state fluorescence emission in vegeta-
tion. DP1, calculated as (D683~D710)/D6972, and the area of the
double-peak feature, Aq,, have been shown to track Ft
variation during both short- and long-term stress induction
stages. Moreover, the reflectance difference calculation, the
double-peak feature, and the proposed new optical indices
were able to track fluorescence recovery after depression
induced by temperature and humidity.

Relationships found between steady-state fluorescence
measured with a fluorometer and the double-peak optical
indices DPi (+*=0.67) and Adgp (+*=0.77) during the course
of an 18-day trial demonstrated the validity of these indices
for tracking fluorescence variation. The relationship found
between DPi and Ft at the beginning (+*=0.97) and the end
of the trial (*=0.88) demonstrated that the index closely
tracks steady-state Ft variation during depression and sub-
sequent recovery.

The above results demonstrate the potential application
of hyperspectral remote sensing and derivative reflectance
analysis for natural steady-state chlorophyll fluorescence
detection in vegetation. The conclusions in this paper have
a direct bearing on the ongoing research efforts by the
scientific community to utilize passive remote sensing
methods for photosynthesis monitoring and photosynthetic
efficiency estimation through quantification of chlorophyll
fluorescence. Canopy structure and bidirectional reflectance
effects on the described double-peak feature in the deriva-
tive reflectance due to fluorescence emission need to be
further studied to successfully apply the methods described
here to natural conditions.
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