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ESTIMATION OF PHOTOSYNTHETIC LIGHT USE EFFICIENCY IN A SINGLE
LEAF BY ANALYZING NARROW-BAND SPECTRAL REFLECTANCE

Kyehong Suh*
Division of Life Science, Taegu University, KyeongSan 712-714, Korea

To examine applicability of some optical indices from reflectance to estimate photosynthetic light use
efficiency, photosynthesis, and narrow band spectral reflectance were simultaneously measured at various
intensities of light with mongolian oak leaves. Narrow band of the broad-band NDVI was better than
photochemical reflectance index and simple ratio to estimate photosynthetic light use efficiency in this study.
Changes in spectral reflectance were detected at several wavelengths (540 nm, 690 nm, 740 nm, and 800 nm)
associated with physiological status of plant leaves that could be components for new optical indices.
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INTRODUCTION

Broad band sensors have been used to derive indices for
various characteristics of vegetation cover in the field of
remote sensing. Although the broad-band normalized dif-
ference vegetation index (NDVI) [1], as the most frequently
wsed index, correlates well with canopy features such as stand-
ing crop, leaf area index (LAI), and photosynthetic capac-
ity of canopy [2], it often fails to sense physiological
changes. [3]

The recent advances in portable spectrometers with high
spectral resolution offers examining dynamic physiological
processes occurring on fine temporal and spectral scales.
Because of the link between leaf structure, function, and spec-
tral reflectance, a number of important ecophysiological prop-
erties can be inferred from these reflectance indices, and some
of these applications at a leaf and canopy scales have recent-
Iy been reviewed [4]. These applications include various
expression of chlorophyll [5], xanthophylls cycle pigments
and related photosynthetic performance [6] and other mea-
surements of integrated leaf stress [7]. However those opti-
cal indicators do work well for a specific leaves of plant
species.

In this study I analyzed simultaneously measured data of
narrow band spectral reflectances and gross photosynthesis
at various intensity of light to examine applicability of
some optical indices to estimate photosynthetic light use effi-
dency of mongolian oak leaf that is one of the dominant
species in Korea.
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MATERIALS AND METHODS

Leaves of mongolian oak (Quercus mongolica Fisch.) were
used in all experiments. Plants were grown for 6 years in pots
(¢ =30 cm) under natural light and irrigated every day for the
growing seasons. Every sample leaf was dark-adapted at least
for 30 minutes before measuring of spectral reflectance and pho-
tosynthesis.

Photosynthetic rates were measured with a steady state gas
exchange system (LCA2, ADC, England) at laboratory. Light
intensity incident on 6.25 cm? in a modified Parkinson leaf cham-
ber (PLC) was controlled at a range of 20 - 1240 (mol m™? s
with neutral density filters and a halogen lamp. Air supplied
at the rate of 250 ml min to the chamber was preconditioned
to 40% of relative humidity at 25°C and 350 ppm of CO, con-
centration. Leaf temperature was monitored with a T-type ther-
mocouple and maintained at 25°C with a Peltier cooler (Sungjoo
Electronics, Korea) attached on the bottom of PLC and a tem-
perature controller (MX7, Hanyong Co. Korea). Gross photo-
synthesis was regarded as the sum of net photosynthesis and
respiration in dark. Photosynthetic light use efficiency was cal-
culated as the gross photosynthesis divided by the photon flux
density (PFD) incident on the leaf surface during the mea-
surement.

For the simultaneous measurement of spectral reflectance and
photosynthesis, a Parkinson leaf chamber (broad type, ADC,
England) was modified. An optic fiber was inserted into the
chamber to guide the light diffused from the sample leaf to a
spectrometer (MMS, Zeiss, Germany). Spectral reflectance was
determined in 256 bands (band width: ca. 3.3 nm) corre-
sponding wavelength range of 350 - 1100 nm by dividing the
radiance intensity reflected from sample leaf by that from a bar-
ium sulfate standard panel without leaf in the chamber. The bar-
ium sulfate panel was used to avoid errors due to drift in lamp
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or system electronics and to avoid the need for radiometric cal-
ibration. For spectral calibration the spectrometer was periodi-
cally scanned with a mercury argon line source (Model HG-1,
Ocean Optics, Dunedin, FL. USA)

Photochemical reflectance index (PRI), narrow band NDVI
(NDVI,), and simple ratio (SR,) were calculated as follows:

PRI = (R~ Ryzp) / (Rsgy + Ryzp)
NDVIn = (Rgpo~ Rego) / (Rgpo + Reeo)
SRn = Regp / Rego

Where R refers to reflectance, and the subscripts refer to nar-
row wavebands in nm.

RESULT AND DISCUSSION

Photosynthesis.  Gross photosynthesis of leaf increased
with increasing of light intensity until light saturation and
slightly declined to 96% of its maximum value over 400 ptmol
m? g (Fig. 1). Saturation light intensity was about 300 umol
m? s and maximum photosynthesis was 5.05 pmol m? s,
Photosynthesis pattern of the sample leaf showed charac-
teristics of shade leaf. The maximum photosynthesis of this
leaf is similar for that of shade treated leaf in Douglas-fir
[8] and maple [9]. Photosynthetic light use efficiency which
was 5.1% under low light (20 umol m? s') decreased to 0.4%
with increasing light intensities up to 1240 pmol m? si.
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Fig. 1. Gross photosynthesis (Pg) and photosynthetic light use efficiency
(LUE) of an intact leaf of a mongolian oak tree determined at steady
state of photosynthesis after stepwise increasing of PFD. Gross pho-
tosynthesis was regarded as the sum of net photosynthesis and dark
respiration of the leaf.

Spectral reflectance. Only a pair of spectral reflectances
obtained under low (80 wmol m?2 s! of PFD) and saturating
light (685 pmol m s1) is shown in Fig. 2 to clearly present
spectral changes of reflectance between the light conditions.
Both of spectral reflectances had a local maximum around
550 nm in the visible range resulted from strong absorption

by chlorophylls that have its absorption peaks at the blue and
the red region of visible light (Fig. 2). In addition, several
shoulders were observed in the spectral range of 580 - 680nm, ;
and ted edge at 700 nm. The spectral reflectance under low |
light is lower than those under saturating light in the visible |
range, but is slightly higher in the near infrared range. This ‘
finding is generally consistent with that in red wood sorrel, w
wild cucumber, sunflower and holly fern leaves [10]. !
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Fig. 2. Spectral reflectances of an intact leaf of a mongolian oak tree
determined at steady state of photosynthesis exposed to low (Low) and
high (High) light. PFD on a horizontal plane at the leaf surface was
approximately 80 and 1240 pmol m™ s°!, respectively.

Difference spectrum. Changes in spectral reflectance with
light intensities were shown more clearly in difference spec- .
tra between reflectance under very low (22 wmol m? s) light
and reflectance under low (87 wmol m? st), medium (150
wmol m2 s1) and high (685 pmol m? s) light (Fig. 3). The |
difference spectra plots emphasize changes in absolute |
reflectance value. Difference spectra under high light con-
ditions were higher in visible range, but lower in near
infrared range (>720 nm). This means that chloroplast relo-
cation altered the optical property of the leaf as described
by Brugnoli and Bjorkman [10].

Drop in difference spectra of reflectance was apparent
around 540 nm, indicating that ApH-associated light scat-
tering occurred and that it is possible to detect changes in
ApH across thylakoid membrane by spectral reflectance if -
an appropriate reference is chosen. Local maximum of the °
difference spectra at 690 nm may possibly due to decreased |
absorptance of the leaf at that wavelength associated with |
chlorophyll. This result is in close agreement with that pre- |
viously reported for leaves of Oxalis oregana [10]. Slight
local minimum or change in slope of spectral reflectance under
high light condition was observed around 740 nm. This
effect was evident at 730 nm to 750 nm, and was most pro-
nounced at 740 nm, indicating that leaf reflectance is affect-
ed by chlorophyll fluorescence as reported with that in sin-
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gle leaves and canopy of maple tree [11,12]. In spite of chloro-
plast relocation, changes in reflectance were relatively small
around 800 nm. Therefore that wavelength could be a good
reference to derive some physiological information from nar-
row band spectral reflectance for correcting chloroplast relo-
cation.

These characteristics of spectral reflectance especially at
540 nm, 690 nm, 740 nm, and 800 nm implicate the possi-
bility of new indices to assess physiological status of plant
leaves with one or combination of reflectances at those
wavelengths.
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Fig. 3. Difference spectra determined at low, medium, and high light
exposure from the spectra at 20 pwmol m™ s of PFD. PFD on a hori-
zontal plane at the leaf surface was approximately 80, 150, and 1240
pmol m? s, respectively.

Optical indices. The ranges of measured photochemical
reflectance index (PRI), narrow band normalized difference
vegetation index (NDVI)), and simple ratio (SR,) were
0.007-0.037, 0.743-0.850, and 6.80-12.90, respectively, under
various conditions of light intensity in this study. These mea-
surements are similar to those in Quercus agrifolia [13]. To
compare all of indices in one plot, each of the optical indices
was normalized to the values between 0 and 1 correspond-
ing the minimum and the maximum values. The relationships
between photosynthetic light use efficiency (LUE) and those
optical indices- PRI, NDVI,, and SRn were shown in Fig.
4. The statistical parameters for the equations of the rela-
tionships were determined by regression analysis as follows:

PRI = -0.0209 + 22.626 x LUE
NDVI, = -0.0895 + 20.963 x LUE
SR, = -0.1346 + 20.360 x LUE

Correlation coefficients of PRI, NDVI,, and SR, to pho-
tosynthetic light use efficiency were 0.962, 0.993, and 0.975,
respectively. In this study NDVI, was the best index to esti-
mate photosynthetic light use efficiency in a single leaf of

mongolian oak.
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Fig. 4. Relationship between photosynthetic light use efficiency and
narrow band optical indices - photochemical reflectance index (PRI),
narrow band normalized difference vegetation index (NDVI,), and sim-
ple ratio (SR,). Indices were normalized to the values between 0 -1
corresponding the minimum and the maximum values to relatively com-
pare each other.
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