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Detection of the photosynthesis protective mechanisms of C3 and C4
Crops from hyper spectral data
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Abstract: The classification of C3 and C4 plant functional types has become an important issue in global change research, but
the mechanism of using remote sensing data remains unclear. In this paper, a diurnal variation experiment was designed for soy-
bean (C3 plant functional type) and maize (C4 plant functional type) to acquire canopy spectra under different illumination and
temperature conditions, and chlorophyll fluorescence (ChlF) signals and photochemical reflectance index (PRI) were extracted
from the canopy spectra. The results showed that: (1) the amplitudes of the diurnal variation in ChlF between soybean and maize
were significantly different, as the relative ChlF of soybean increased rapidly under heat and high irradiance stresses in the
afternoon, but the increasing trend was not found in maize; (2) there was also an apparent increase in the ratio fygy/f7¢, of ChlF
intensities of soybean in the afternoon, but this did not appear in maize; (3) the midday photosynthetic depression occurred in C3
crops owing to the stressed light and temperature, with a rapid increase in PRI. However, there was no apparent noon depression
in C4 crops. Based on the different characteristics between the responses of C3 and C4 crops to high irradiance and temperature
stressws, we proposed a potential method to discriminate C3 and C4 plants by multitemporal and hyper spectral remote sensing
data.
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1 INTRODUCTION

Photo inhibition can occur in natural situations (Anderson,
et al., 1997), thus photosynthetic organs of plants have evolved a
variety of photo protective mechanisms to minimize light-induced
oxidative damage. One of the mechanisms is to reemit the exces-
sive energy as chlorophyll fluorescence (ChlF), and the other is the
non-radiative energy dissipation as heat related with the xantho-
phylls cycle (Bolhar-Nordenkampf, et al., 1989; Anderson, et al.,
1997; Niyogi, 1999).

Part of energy dissipation was reemited as ChlF with a longer
wavelength in the photosynthetic process (usually less than 1% of
the incident energy) (Liu, et al., 2005). The apparent vegetation
reflectance spectra consist of contributions from both the reflected
and fluoresced radiations. Although ChlIF signal is inevitably su-
perimposed on reflectance signatures under natural illumination
condition, many researchers prove that it is possible to separate
solar-induced ChlF radiation from observed apparent vegetation re-
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flectance based on the Fraunhofer-line principle. McFarlane, et al.,
(1980) and Carter, et al., (1990,1996) measured solar-induced fluo-
rescence in citrus canopies using the H-a Fraunhofer line at 656 nm.
According to Zarco-Tejada, et al., (2000) and Zhang (2007), ChIF
effects could be detected at the leave-level under controlled il-
lumination conditions. They found that the contribution of ChIF
to apparent reflectance accounted from 10% to 25% at 685 nm
and from 2% to 6% at 740 nm. Subsequent studies demonstrated
quantitatively that ChlF signals could be detected at canopy level
at 688 nm and 760 nm based on Fraunhofer line principle (Moya,
et al., 2004; Liu, et al., 2005; Liu, et al., 2006; Alonso, et al., 2008;
Amoros-Lopez, et al., 2008). Along with the development of sen-
sors, Zarco-Tejada, et al., (2004) and Perez-Priego, et al., (2005)
used a narrow-band spectrometer (0.065 nm FWHM) to measure
the spectral reflectance of tree canopies and found a characteristic
peak superimposed on the reflectance at 760 nm, which was due to
in-filling of the atmospheric oxygen absorption band (the Fraun-
hofer lines) at 760 nm by chlorophyll fluorescence, and this caused
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a reflectance difference between 760.59 nm and 759.5 nm ranging
from 1% to 3%.

Heat dissipation of excessive light energy plays an important
role in controlling energy absorption and electron transport, and
protecting photosynthetic organs from photoinhibition or even
photooxidation. When the proton gradient across the thylakoid
membrane increases under highlight conditions, LHC II can be trig-
gered to dissipate the excess light energy through enhanced heat
loss. Plants can consume more than half of the absorbed energy in
the antenna system via this way (Demmig-Adams, et al., 1996).
Heat dissipation of excess light energy is related to the activity of
the xanthophyll cycle, which involves the enzymatic removal of
epoxy groups from xanthophylls to create so-called de-epoxidised
xanthophylls (Gamon, et al., 1992). The conversion could result in
a decrease of reflectance at 531 nm, whereas reflectance at 570 nm
is not affected. Therefore, Photochemical Reflectance Index (PRI)
which is defined as a normalized ratio of 531 nm to 570 nm by
Gamon, et al., (1992) and Penuelas, et al., (1997), could monitor
the heat dissipation in the xanthophyll cycle. Some studies proved
that PRI was closely related to xanthophyll cycle (Demmig-Adams
& Adams, 1994; Peguero-Pina, et al., 2008). Additionally, many
scholars found there was a reliable negative relationship between
PRI and non-photochemical quenching (NPQ) which was caused
by xanthophyll changes (Evain, et al., 2004; Nichol, et al., 2006;
Zhang, et al., 2006; Gaalen, et al., 2007).

Plants can be divided into three categories based on photosyn-
thetic pathways: C3, C4 and crassulacean acid metabolism (CAM)
(Taiz & Zeiger, 2006). As C4 plants have higher light, water and
nitrogen use efficiencies than C3 plants, and perform more tolerant
of high temperature, aridity and salinity, there is increasing concern
of C4 plants in the global change research (Han, et al., 2006), but
the mechanism of monitoring C3 and C4 plants using remote sens-
ing remains unclear. In this paper, a diurnal change experiment was
designed for soybean (C3) and maize (C4) to understand the pho-
toprotective mechanisms between C3 and C4 crops under stresses.
Based on the different spectral characteristics of diurnal variation
in ChIF effects and heat dissipation, we explored a feasible clas-
sification method to discriminate C3 and C4 plants under stressed
conditions from hyperspectral data.

2 MATERIALS AND EXPERIMENTS
2.1 Study area and data collection

The diurnal change experiment was performed on a sunny,
clear and windless day (July 21st, 2010) at Huailai site belonging to
the Institute of Remote Sensing Applications of Chinese Academy
of Science. The soybean was at the end of the branching stage and
the spring maize was at the big trumpet period. The experimental
soybean plot was adjacent to maize plot with north-south ridges,
and the plant growth was homogenous under normal fertilizer and
water management.

The canopy spectral measurements were taken from the canopy using
an ASD FieldSpec Prospectrometer, which was fitted with a 25°field-
of-view bare fiber-optic cable, and operated in the 350—2500 nm
spectral region with a sampling interval of 1.4 nm between 350 nm
and 1050 nm, and 2 nm between 1050 nm and 2500 nm. The spectral

resolution of the si)ecgrqmeter (or FWHM) was 3 nm@VNIR(350—
(C)1994-2021 China Academic Journal
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1050 nm), 10 nm@SWIR(1050—2500 nm). A BaSO, panel with
0.5 mx0.5 m was also selected as a calibration reference to measure
the spectrum of incident radiation. All the canopy and panel radi-
ance spectra were taken every 30 min from 10:00 to 18:00. After
18:00, the incident PAR decreased rapidly from 200 y-mol-m>s™,
and it was not suitable to measure reflectance spectra at so low illu-
mination. During spectrum collection, radiance observation pattern
was adopted for the field spectrometer, and the fiber optics was
kept vertically downward and about one meter above the canopy.
Each spectrum was averaged from ten individual measurements of
the detective targets which were kept basically the same during the

diurnal experiment.

2.2 Separation of ChlF signal based on the Fraunhofer
lines in-filling method

When green plants are excited by short-wavelength light, there
are three obvious fluorescence maxima between 400 nm and 800 nm
(near 440 nm, 685 nm and 740 nm). In this spectral region, the
fluorescence from 650 nm to 780 nm is emitted by chlorophyll, and
the emission peaks were observed near 685 nm and 735 nm. Many
studies demonstrated that these special fluorescence bands and the
ratio of bands could provide some information on the health state
and growth condition of the plants, especially the early diagnosis of
stress status (Subhash, 1999; McMurtrey, 2003).

The apparent vegetation reflectance spectra consist of contribu-
tions from both the reflected and fluoresced radiations. However,
the amount of chlorophyll fluorescence emitted by a leaf under
natural sunlight only accounts for up to 1% or 3% of the absorbed
light in the visible part of the spectrum. Therefore, it is difficult
to quantify and separate the tiny ChlF signal from the reflected
light. However, at certain wavelengths where the solar spectrum
is attenuated (Fraunhofer lines), the fluorescence signal may be
quantifiable. Due to the atmospheric absorption of the sun and the
earth, there are tiny dark absorption lines, called Fraunhofer lines,
in the spectrum of the sun, with the widths range from 0.1 nm to
10 nm. As the central intensity of some lines is less than 10% of
the adjacent continuum, it may provide a feasible method to detect
ChlIF signals under natural sunlight illumination conditions. The
plant fluorescence excited by short-wavelength light can fill the
Fraunhofer “well” to a certain degree. Therefore, vegetation ChlF
radiance can be extracted by comparison of incident solar radiance
and vegetation reflected radiance at certain wavelengths (Louis,
et al., 2005; Liu, et al., 2006).

Fraunhofer lines are dark absorption lines in the solar spectrum,
including those at 486 nm, 527 nm, 589 nm, 656 nm, 688 nm and 760
nm. All these bands can be detected if the signal to noise ratio (SNR)
and spectral resolution of the spectral instrument are sufficiently high.
According to Moya, et al. (2004) and Liu, et al. (2006), it is reli-
able to monitor solar-induced ChlF signals at 688 nm and 760 nm
using ASD FieldSpec NIR spectrometer. As shown in Fig. 1, 4 is
the central wavelength of Fraunhofer lines, and R is the constant
vegetation reflectance near 4,. Parameters a and b represent the de-
tected irradiance from the reference panel in and out of the oxygen
absorption feature, respectively. Similarly, ¢ and d represent the
detected radiance from the target at the border and at the bottom of
the band. The fluorescence flux (/') can be calculated as following

Eq. (lhto Eq. (4).
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c=Ratf (1)
d=R-b+f 2)
R = (c-d)/(a-b) 3)
f=d-Rb 4

In this experiment, the solar-induced fluorescence at 688 nm
and 760 nm was calculated according to Eq. (4). For the 688 nm
O, Fraunhofer line, the bands in and out of the oxygen absorption
feature were set at 684 nm and 688 nm sampling bands of the
ASD spectrometer, where a and b were the detected irradiances
from the reference panel at the 684 nm and 688 nm sampling
bands of the ASD spectrometer, and ¢ and d were the reflected ra-
diances from the canopy at those same bands. Similarly, the bands
in and out of the 760 nm oxygen-absorption feature were set at
756 nm and 761 nm sampling bands of the ASD spectrometer.
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Fig. 1 Detection of chlorophyll fluorescence using Fraunhofer lines

As ChIF signals are extracted from apparent spectrum, they are
directly related to the photosynthetic active radiation. The light
use efficiency (LUE) was defined as defined as the ratio of gross
primary production (GPP) to absorbed photo synthetically active
radiation. To track the LUE more sensitively, the relative ChlF is
defined as the ratio of ChlF radiation to the canopy irradiance at
the border band of the Fraunhofer line. According to Eq. (4), the

relative ChlF, f*, can be calculated as below.
£7(%) = L-x100 = (ad - cb) [(a* ~ ab) x 100 (5)
2.3 Heat dissipation detection based on PRI

Heat dissipation of excess light energy is related to the activity
of the xanthophyll cycle, which involves the enzymatic removal of
epoxy groups from xanthophylls to create so-called de-epoxidised
xanthophylls (Gamon, et al., 1992). There are three carotenoid
pigments in the xanthophyll cycle (violaxanthin, antheraxanthin
and zeaxanthin). During light stress, violaxanthin is converted to ze-
axanthin and antheraxanthin, which can protect the plants from photo-
damege by dissipating the excessive light energy (Demmig-Adams &
Adams, 1994; Peguero-Pina et al., 2008). The conversion could
result in a decrease of reflectance at 531 nm, whereas reflectance
at 570 nm is not affected. Therefore, the higher LUE would lead to
lower heat dissipation but a higher normalized ratio of 531 nm to
570 nm, and this indicates that LUE is positively related to the nor-
malized ratio.

PRI was proposed by Gamon in the study of biochemical com-
ponents of sunflower, and was named Physilogical Reflectance In-
dex in the early 1990s (Gamon, et al., 1992). Subsequently, Pefue-
1995) renamed it to Photochemical Reflectance Index.

China Academic Journal Electronic Publishing House. All rights reserved.

PRI is expressed as below.

R531 — R570
Ry + Rz
where Rgy, and Ry, represent the narrow-band (+2 nm) reflectance

PRI= (6)

centered on the stated wavelength.

3 RESULTS AND ANALYSIS

The plants with three types of plant photosynthesis (C3, C4 and
CAM) have different responses to water, heat and light conditions
by the plant leaf structure, physiological function, ecologic adapta-
tion, and geographic distribution; the application of those responses
is taken as an ideal classification approach of plant functional types
(Han, et al., 2006). A significant relation between plant ChlF and
photosynthesis was confirmed under natural illumination, which
revealed the plant physiological responses with the different envi-
ronmental stresses. C3 and C4 plants have different LUE because
of their different photosynthesis pathways, as well as the responses
of their photoprotective mechanisms (ie, ChIF and heat dissipation)
to heat and light conditions.

In this study, the diurnal change experiment was carried out un-
der the cloudless weather, and the photosynthetically active radia-
tion (PAR) reached its maximum (about 1800 p-mol'ms™") around
13:00. The lowest and highest temperature was 26.2°C, and 33.2°C,
respectively, and the highest temperature appeared around 15:00
(Fig. 2). C4 plants have higher LUE compared to C3 plants. There-
fore, under the conditions of high light and temperature stresses,
the variation characteristics of ChlF and heat dissipation should be
significantly different between C3 and C4 plants.
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Fig.2 Diurnal change curves of PAR and temperature

3.1 Diurnal change of C3 and C4 crops canopy
spectra

Fig. 3 showed the diurnal change curves of canopy spectra
and NDVI of soybean and maize. In this experiment, the leaves
of maize had a surface wax layer. These properties caused a high-
er canopy spectra reflectance of soybean than that of maize in
the visible band, while two corps had a similar reflectance in the
near-infrared band (Fig. 3 (a)). It was observed from Fig. 3 (b)
that both NDVI of soybean and maize had a relative low value
at noon due to the soil effects, and a high value during the pe-

riod of morning and dust. Therefore, we may conclude, that al-
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Fig. 3 Diurnal change curves of canopy spectra (a) and NDVI (b) of
soybean and maize

though C3 and C4 plants had some differences in physiological
and ecological responses under the high light and temperature
stresses, it is difficult to detect C3 and C4 plants according to
the differences in canopy spectra reflectance, although the di-
urnal changes of the canopy spectral reveal some differences in
vegetation canopy structure.

3.2 Stress responses of C3 and C4 crops photosynthesis
ChIF and their difference analyses

ChlF is sensitive to photosynthesis change. In this experiment,
the stress response of photosynthesis ChlF was detected according
to the differences in environmental factors, such as light, tempera-
ture, and humidity.

Fig. 4 showed the diurnal change curves of solar-induce ChlF
of soybean and maize, and the following results were obtained.
(1) ChIF of soybean was lower than that of maize at 688 nm, and
an inverse relationship was observed at 760 nm. (2) The relative
ChIF of soybean had a rapid increase until 4:30 PM. Under the
stress of high temperature, maize (C4 plants) had a high light satu-
ration point, as indicated by the observations that ChIF had a de-
crease at 688 nm (Fig. 4(a)) while no significant change at 760 nm
(Fig. 4(b)). This indicated that C4 plants had a growth advantage
under the high light and temperature conditions. (3) A large differ-
ence of relative ChlF calculated by the ChlF at 688 nm and 760 nm
was observed between soybean and maize (Fig. 4(c)). In this ex-
periment soy)b(ean and maize had a similar growth siatus, and had

(C)1994-2021 China Academic Journal E
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small difference of relative ChlF in the morning from 9:30 to 12:00.
However, in the afternoon from 12:00 to 18:00, because the dif-
ferences of stress responses of temperature and light were existed
between soybean and maize, a rapid increase was observed for the
relative ChlF of soybean, while no significant change for maize.
Therefore, it is potential to detect soybean and maize by their rela-
tive ChlF.
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Fig. 4 Diurnal change curves of the relative ChlF signals of soybean
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3.3 Stress responses of C3 and C4 crops PRI and
their difference analyses

Fig. 5 showed the diurnal change curves of PRI of soy-
bean (C3 plant) and maize (C4 plant) acquired on 25 July 2010 at
Huailai site. PRI had a similar trend with NDVI (Fig. 3(b)), such
as a relative low value at noon and a high value during the period
of morning and dust. However, larger change range of PRI was
observed, especially in the afternoon, a more rapid increase was ob-
served in the PRI of soybean than that of maize. This phenomenon
indirectly confirmed that C3 plants had a “lunch break” due to the
high light restraint at noon, leading to an increase in photosynthetic
efficiency, and was shown as low heat dissipation and PRI rapid
decrease, while C4 plant had no “lunch break” and no significant
increase in PRI afternoon.
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Fig. 5 Diurnal change curves of PRI of soybean and maize

4 CONCLUSIONS AND DISCUSSIONS

Although C3 and C4 plants had some differences in physiologi-
cal and ecological responses under the high light and temperature
stresses, it is difficult to detect C3 and C4 plants according to their
canopy spectra reflectance characteristics, although the diurnal
changes of canopy spectra can reveal some spectral differences due
to vegetation canopy structure.

C4 plants always have much higher photosynthetic efficiency
than C3 plants under the conditions of high light and temperature
stresses, and they show the different photoprotective mechanisms.
In this experiment, soybean (C3 plant) and maize (C4 plant) were
selected, and their ChlF (at 688 nm and 760 nm) and PRI were ac-
quired. Based on the analyses of ChlF and PRI diurnal changes, we
found that the variation characteristics of ChlF and PRI of C3 and
C4 plants under the stress of high light and temperature at the time
around noon.

ChIF (688 nm and 760 nm) and PRI can be obtained by the way
of hyperspectral remote sensing. According to the characteristics of
C3 and C4 crops with the high light and temperature stress in this
experiment, we can design the methodology to monitor C3 and C4
plants by hyperspectral remote sensing technology. For example,
based on the natural diurnal changes of light and temperature, we
can collect multitemporal photosynthesis ChlF and PRI by the hy-
perspectral remote sensing data at the scale of airborne or satellite,

(C)1994-2021 China Academic Journal Electronic Publishing House.” All' rights reserved.

and then analyze their characteristics under the conditions of high
light and temperature stress, to classify C3 and C4 plants.

In this study, our findings on C3 and C4 crops characteristics of
ChIF and PRI are consistent with their well-established physiology
knowledge. However, due to the plant diversity, growth conditions
complexity, and long-term evolution adaptability, we need more
field experiments to test our method of detecting C3 and C4 plants
based on the differences in environmental stress response and hy-
perspectral remote sensing technology. A better understanding on
the stress response physiological mechanism of C3 and C4 plants
is needed to clarify the remote sensing photosynthetic parameters and
universal quantitative characteristics for ChlF and PRI of C3 and C4
plants under the conditions of high light and temperature stresses.

Furthermore, the upward travelling flux of the emitted chloro-
phyll fluorescence would be strongly absorbed by oxygen at the
760 Fraunhofer line. Therefore, the atmosphere correction is indis-
pensible, if the method is applied to airborne or space borne hyper-
spectral image.
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(zeaxanthin), 458 TZ T IR IAERENSTE il AL 24 8%
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ek F 8B L B Gamon 5 A (1992) 755 1) H
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R, -R.,
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