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Abstract: Due to the mechanistic coupling between solar-induced chlorophyll fluorescence (SIF) and
photosynthesis, SIF has an advantage over greenness-based vegetation indices in detecting drought.
Since photosystem I (PSI) contributes very little to red SIF, red SIF is assumed to be more responsive
to environmental stress than far-red SIF. However, in addition to affecting photosynthesis, drought
also has an impact on vegetation chlorophyll concentration and thus affects the reabsorption process
of red SIF. When these responses are entangled, the sensitivity of SIF in the red and far-red regions in
response to drought is not yet clear. In this study, we conducted a water stress experiment on maize
in the field and measured the upward and downward leaf SIF spectra by a spectrometer assembled
with a leaf clip. Simultaneously, leaf-level active fluorescence was measured with a pulse-amplified
modulation (PAM) fluorometer. We found that SIF, after normalization by photosynthetically active
radiation (PAR) and dark-adapted minimal fluorescence (F,), is a better estimation of SIF yield. By
comparing the wavelength-dependent link between SIF yield and nonphotochemical quenching
(NPQ) across the range of 660 to 800 nm, the results show that red SIF and far-red SIF have different
sensitivities in response to drought. SIF yield in the far-red region has a strong and stable correlation
with NPQ. Drought not only reduces red SIF due to photosynthetic regulation, but it also increases
red SIF by reducing chlorophyll content (weakening the reabsorption effect). The co-existence of these
two contradictory effects makes the red SIF of leaf level unable to reliably indicate NPQ. In addition,
the red:far-red ratio of downward SIF and the ratio between the downward SIF and upward SIF at
the red peak can be good indicators of chlorophyll content. These findings can help to interpret SIF
variations in remote sensing techniques and fully exploit SIF information in red and far-red regions
when monitoring plant water stress.

Keywords: SIF; drought; physiology; absorption; leaf level

1. Introduction

Climate change has generally exacerbated drought processes and become more intense
in the world [1,2]. Drought often leads to devastating effects on crop yield through negative
impacts on plant growth, physiology, and reproduction [3], which has been one of the
major constraints to food security worldwide. Therefore, there is an urgent need for a
method of early warning of emerging drought on crops that can provide information on
the real-time health status of plants for agricultural planning and mitigation. Present
insight into drought effects on plants has been gained by fusing vegetation indices (VIs)
from remote sensing with climatological dryness indicators such as the Palmer drought
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severity index [4]. This combined approach has been widely used to estimate drought
severity across space during large-scale droughts [5]. The main limitation of this approach
is that greenness-based VIs usually provide estimates of plant status related to structural or
biochemical properties and do not capture shorter timescale changes in physiology that
occur during a drought episode. Remote sensing of solar-induced chlorophyll fluorescence
(SIF) offers the potential to complement existing methods and provide critical physiological
information that meets the need for early warning of drought.

Under the illumination of sunlight, part of the energy absorbed by chlorophyll is
re-emitted at a longer wavelength than for excitation from the light reactions of photo-
synthesis, and the energy is dissipated as chlorophyll fluorescence (ChlF) at 650-850 nm.
Together with nonphotochemical quenching (NPQ), ChlF competes with photosynthesis for
the use of absorbed energy. Due to this close relationship between ChlF and photosynthesis,
pulse-amplitude modulated (PAM) fluorescence has long been used by biophysicists and
ecophysiologists to elucidate the function of the photosynthetic apparatus but is restricted
to the leaf scale [6]. Recent advances in remote sensing of SIF show promise for mapping the
drought status of plants across a continuum of spatial scales from the perspective of photo-
synthesis [7], which is more sensitive to environmental conditions. Typically, ground-based
remote sensing of SIF signals is retrieved by exploiting the Fraunhofer line depths at O,-A
and O,-B at 760 nm and 687 nm, respectively. Our previous studies have demonstrated
that ground-based far-red SIF can respond to water stress and reflect variations in the phys-
iological states of crops at the leaf and canopy levels [8,9]. In addition, by comprising SIF
measurements in far-red and normalized difference vegetation index (NDVI) data, studies
have found that SIF can provides important physiology information [10,11]. Unmanned
aerial vehicles and satellite SIF in the far red also showed strong negative anomalies across
space [11-13].

Despite the mounting evidence of the negative anomalies of far-red SIF under drought
observed from different platforms, the implicated information in other SIF bands remains
to be discovered when plants suffer from stress. The SIF spectrum covers the wavelength
range from 650 to 800 nm, which has two peaks centered in the red (~685 nm) and far-red
(~740 nm) spectra, with nonequal contributions from photosystem I (PSI) and photosystem
II (PSII) [14]. PSI fluorescence predominantly in the near infrared bands and is assumed to
be constant and lower than the fluorescence of PSII [15,16]. PSII fluorescence ranges from
the red to the near infrared spectrum and is regulated by photosynthesis (photochemical
quenching, PQ) and NPQ. Since PSI contributes very little to red SIF (~687 nm), red
SIF is thought to be more responsive to environmental stress or photosynthesis status
(downregulation of PSII) compared to far-red SIF [17,18].

However, the intensity of the SIF signal emitted from a leaf or a plant canopy at a given
wavelength (A) is also driven by physiological (e.g., photosynthesis) and biochemical (e.g.,
chlorophyll concentration) or canopy structure (e.g., leaf area index) factors accounting for
energy absorption and SIF reabsorption or scattering [19], which can be represented using
a simple equation:

SIF), = PAR x fPAR x ®F, X fescy 1)

where PAR is the photosynthetically active radiation; fPAR is the fraction of absorbed
incoming PAR; ®F) is the wavelength-dependent fluorescence quantum yield; and fesc,
is the spectrally dependent escape probability from the photosystem to sensors (fesc).
Therefore, there is a need to disentangle the physiological information (®F,) from SIF, by
eliminating physical and biochemical factors (f PAR and fesc,). For the far-red SIF region,
the escape probability of SIF photons from the photosystems to the leaf surface is rather
stable and can be assumed to be a constant [20,21], and the escape probability of SIF photons
from the leaf level to the canopy level can be represented as a product of far-red reflectance,
canopy interception, and leaf albedo [22]. The red SIF overlaps the spectral range of
chlorophyll absorption and is thereby strongly reabsorbed inside the leaf or canopy, which
makes the estimation of fesc, in the red band very difficult. In particular, leaf chlorophyll
a and b content (Cab) tends to decrease when plants suffer from drought [23,24]. This
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decrease in Cab has the opposite effect on the total absorbed energy and escape probability
of red SIF photos; i.e., decreased chlorophyll limits the ability to absorb light by decreasing
fPAR but increases the escape probability by decreasing reabsorption. By accounting for
changes in the spectral shape due to chlorophyll reabsorption, researchers have suggested
that the red and far-red SIF ratio can potentially provide information on the responses of
vegetation to environmental stress or chlorophyll content [25-28].

As introduced above, the red band SIF is expected to contain more information from
PSII, which should be more sensitive to environmental stress than far-red SIF. However, it
remains unclear: (1) whether red SIF is more sensitive to drought-induced physiological
variation; (2) whether the red and far-red SIF ratio can be used as a simple indicator
of physiological variation or chlorophyll content induced by drought; and (3) whether
it is possible to correct the reabsorption effect in the red SIF region. Regarding these
issues, in this study, a water stress experiment in maize as a case study was used to
analyze the sensitivity of entire leaf-level SIF spectra to drought. Leaf-level SIF was used to
eliminate the complex effect of canopy structure on SIF. SIF measurements were performed
with a spectroradiometer coupled with the FluoWat leaf clip. This leaf clip is able to
measure real leaf reflectance, transmittance, and fluorescence emission under artificial and
natural light conditions [29,30]. We first collected physiological variation using a PAM
instrument and upward and downward SIF spectra across 650-800 nm using a FluoWat
leaf clip [NO_PRINTED_FORM] under different drought statuses in situ. Furthermore,
we investigated the correlations between SIF at different bands and NPQ derived from
PAM measurements to study the sensitivity of SIF in response to drought. Finally, a simple
approach was proposed to correct the reabsorption effect of chlorophyll on red SIF, which
is useful for obtaining a better understanding of red SIF responses to drought.

2. Materials and Methods
2.1. Experimental Protocol and Design

A water stress experiment on maize was conducted in Gucheng, Baoding city, China
(39.15°N, 115.74°E), in the summer of 2020. Maize was planted in three 2 m x 4 m split
plots on 25 June 2020, and a moveable rain shelter was placed over these plots to protect
against rainfall [9]. Three water treatments were imposed on the plots during growth
by artificial irrigation, and they are termed the control (C), moderate drought (D1), and
severe drought (D2) plots. Plot C was irrigated with 1.7 m? in total; D1 was irrigated with
0.7 m? in total; and D2 was irrigated with 0.46 m? in total before the measurements. To
maintain the soil water potential of the C plot, the C plot was again irrigated with 0.4 m3
on 24 August during the measurements. The soil water potential at a depth of 30 cm was
collected using a TEROS-21 sensor (Meter Group, Inc., Pullman, WA, USA) for three plots
during data collection. The soil potentials of the three treatments are shown in Table 1.
Two field campaigns were conducted in the morning (9:40-11:00) of 21 August and in the
afternoon (14:00-15:00) of 25 August.

Table 1. Soil potential (kPa) (Mean =+ standard deviation, n = 3) during measurements.

Treatment Soil Potential (kPa) on 21 August Soil Potential (kPa) on 25 August
C —58.07 £ 0.1 —27.47 £0.32
D1 —94.81 £ 0.97 —263.47 £0.26
D2 —617.06 £2.73 —651.28 £ 18.63

2.2. Measurements of Leaf Spectroscopy and PAM Fluorescence In Situ

The scheme of synchronized measurements of leaf spectroscopy and PAM fluorescence
is shown in Figure 1. Reflectance (r), transmittance (t), and upward and downward SIF were
measured in situ on three leaves attached to their branch on each plot using the FluoWat
leaf clip connected to a radiometrically calibrated spectrometer QE pro (Ocean Insight Inc.,
Dunedin, FL, USA). The QE pro spectrometer covers the spectral range between 350 and
1100 nm with a sampling interval of 0.7 nm and a full width at half maximum of 1.4 nm. The
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FluoWat leaf clip has two positions to permit the insertion of the fiber optic, one upward
and one downward with respect to the leaf position. The FluoWat leaf clip was mounted
on a tripod and was manually positioned so that the incoming solar beam entered the
open aperture at a 45° angle relative to the leaf plane. First, a white reference panel was
measured to obtain irradiance. Then, upward and downward radiance measurements were
collected to calculate r and t. Then, a shortpass filter that cuts off light above 650 nm was
inserted into the open aperture to obtain upward reflected radiance (L 1) and SIF (SIF, 1)
and downward transmitted radiance (L | ) and SIF (SIF, | ) at the same leaf spot. Finally,
a white reference panel without a shortpass filter was measured again.

QE Pro
Upward radiance

T PAM-2500

fiber optic

Leaf
— FluoWat leaf clip

fiber optic

!

QE Pro
Downward radiance

Figure 1. Scheme of measuring spectroscopy and PAM fluorescence on the leaf scale. A FluoWat leaf
clip was used to measure reflectance (r), transmittance (t), and sun-induced fluorescence (SIF) in the
visible and near-infrared wavelength range (350-1100 nm) by placing a fiber optic either in upward or
downward position. After placing the shortpass to restrict incoming PAR to visible wavelengths up
to 650 nm, upward and downward SIF are measured. A PAM-2500 fluorometer was used to measure
active fluorescence near the clip.

Each leaf was dark-adapted for at least 40 min using a dark acclimation clip (DLC)
before PAM measurement. Then, a PAM-2500 (Heinz Walz GmbH, Effeltrich, Bavaria,
Germany) fluorometer was used to measure dark-adapted minimal fluorescence (F,)
and maximum fluorescence (F;), detecting fluorescence radiation above 715 nm using
a longpass filter. The values of the maximum PSII quantum yield of photochemistry,
F,/Fy = (Em — F,)/ Fu, were calculated. Subsequently, light-adapted instantaneous steady-
state fluorescence (F;), maximum fluorescence (F},) were measured at the sun-exposed
position near the DLC on the same leaf. The PSII operating efficiency (®P)was estimated
using Equation (2) as follows:

F,—F
op = M 2
- @
Additionally, NPQ was estimated using Equation (3) as follows:
E, —F,
NPQ = —*_—" 7 ®)

m
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2.3. The PAR, APAR, fPAR, and SIF Yield Estimation

To conduct all measurements in a short time, we did not measure the white reference
panel with a shortpass filter, so we could not directly obtain the actual incident PAR that
excites fluorescence. Therefore, assuming that r and t are the same with or without a filter,
we estimated the actual irradiance with LTT * 77 and then integrated over 400-650 nm, as

shown in Equation (4).
650 T, 4
PAR = —— xmd) 4
400 r

Absorbed photosynthetically active radiation (APAR) was estimated as follows:
650 [,
APAR:/ sl —r—tdA ®)
400 7

Then, fPAR at the leaf level can be estimated in Equation (6):

APAR
fPAR = AR (6)

In this study, Cab was also measured using a SPAD-502 (Konica-Minolta, Osaka, Japan)
on 21 August, and Cab had a good relationship with fPAR (Figure S1). Therefore, we used
fPAR to represent Cab variation among different leaves thereafter.

Two approaches for calculating SIF yield (unitless) were used to compare various leaf
samples. First, the SIF yield is usually calculated by normalizing the SIF for the APAR
if the effect of the escape probability of fluorescence is ignored at the leaf scale [31]. SIF
yields are then calculated for the upward, downward and total SIF signals, where the total
SIF (SIF ) tot) was calculated as the sum of upward and downward SIF. Additionally, Helm
et al. found that the SIF yield after normalization by active minimum fluorescence F, can
better reflect the drought response [32]. The minimum fluorescence F, is also correlated
with the Cab and water stress status [33]. Therefore, F, can reflect the variation in fPAR,
and PAR X F, can probably be used to represent APAR variation. Therefore, as the second
method, the SIF yield was also estimated by normalizing the SIF for PAR x F,, where the
SIF can be SIF, 1, SIF, | and SIF ,tot.

2.4. Reabsorption Correction of Red SIF

Due to the effect of reabsorption and scattering on the SIF signal, there is a need to
convert measured SIF to the photosystem level by using the escape probability (fescy).
At the leaf level, the escape probability of SIF photons from the photosystems to the leaf
surface is rather stable in the near infrared region [21]. However, red SIF is much more
influenced by the scattering and absorptance effect inside the leaf than near infrared SIF [20].
Therefore, analogous to the p-theory-based escape probability in the NIR region [22], we
propose an empirical method to estimate the escape probability from the photosystems to
leaf surface at 687 nm (fescggy) in Equation (7):

fesces7 = Ngfg I ?)
where NDVI was calculated using the reflectance values at wavelengths 650 nm and 810
nm; 7egy is the reflectance at 687 nm. In Equation (7), reflectance at 687 nm and NDVI are
used to represent the ability of scattering and reabsorption effect, respectively. Although
the empirical method has not been validated using radiative transfer model, the obtained
fescggy have a good linear relationship with the ratio of downward SIF and upward SIF at
687 nm (see Figure S3 and Section 3.4). Then, the corrected SIF at 687 nm can be calculated
in Equation (8):
fescesy

Corrected SIFsg7; = 8)

where S1Fgg7 is the SIF at 687 nm.
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2.5. Statistical Analysis

In this study, we used three parameters (NPQ, ®p, and F;/Fo) from PAM measure-
ments to indicate the physiological variations induced by water stress. Due to measurement
failure for one leaf sample, there were 17 leaf samples in total during the SIF spectrum
analysis. Under stress conditions, NPQ mechanisms are activated, and both ®P and fluo-
rescence yield decrease proportionally under the action of NPQ [34]. Therefore, we use the
NPQ estimated from active fluorescence to represent physiological variation under drought.
Then, linear regression model analyses were used to assess the relationships between NPQ
and two SIF yields ( ASPI }; z and ASR”; r) of upward, downward, and total SIF across 660 to

800 nm. The determination coefficients (R?) were used to assess the ability of the two SIF
yields to indicate NPQ. Subsequently, the red (687 nm) and far-red (760 nm) SIF ratios in
the downward, upward, and total SIF spectra were also correlated to fPAR and NPQ to
study what information these ratios carry. Finally, we assessed how well the adjusted SIF

yield (%) at 687 nm indicated NPQ fluctuation compared with the original SIF yield

ASPIfR) at 760 nm.

3. Results
3.1. Responses of Key Physiological Parameters of PAM to Drought

Four leaf photosynthetic parameters determined from PAM measurements, including
F,/ Eyn, NPQ, ®P, and F;/ F,, under different water conditions, are shown in Figure 2. These
values are the mean values of three leaves (except for the D2 measurement on 25 August)
in each plot. The values of F,/F;, decreased slightly under moderate drought (D1) and
severe drought (D2) conditions on 21 August and 25 August, respectively. As expected,
NPQ was obviously different in response to water treatment and tended to be higher in
stressed leaves than in control leaves. Meanwhile, ®P and F;/F, decreased in the treated
leaves relative to the control leaves. Here, we used F; normalized by the dark-adapted
basal rate F, to eliminate the difference between leaves in Cab, leaf structure, etc. [35].
Additionally, the linear relationships between NPQ and ®P and F;/F, of all leaf samples
are shown in Figure S2. There were strong negative relationships between NPQ and ®P
and F;/F,, with R? = 0.89 and R? = 0.93, respectively. ®P had a strong positive correlation
with F;/E,, with R% = 0.86. Therefore, in the subsequent investigation, we employed NPQ
as the physiological indicator of the leaf drought response.

3.2. SIF Yield Spectra of the Two Methods and Wavelength-Dependent Correlations with NPQ

To illuminate the different responses of red SIF and far-red SIF to drought, Figure 3

displays the results of total SIF yield spectra of all leaf samples in two methods, SX?XIOJ and

PS j?‘i‘?ﬂ and wavelength-dependent correlations between SIF yield and leaf NPQ. Here, the

total SIF (SIF)tot) was calculated as the sum of upward and downward SIF at wavelength
A. Across the range of 660 to 800 nm, two forms of SIF yield spectra typically have two
peaks or shoulders in the red at approximately 687 nm and in the far-red at approximately
740 nm, as shown in Figure 3A,B. Specifically, the two forms of SIF yield both presented a
better linear relationship with NPQ in the far-red region than in the red region, as shown
in Figure 3C,D. Similar to F;/F, and ®P, the SIF yield in the far-red decreased with an
increase in NPQ during drought. Interestingly, the linear model between the second

SIF yield, %’\i‘}tg, and NPQ had higher determination coefficients (R?) compared to the

determination coefficients between % and NPQ. In the far-red region, &%"i‘g and NPQ

had better and more stable linear relationships with NPQ from 740 nm onward, with R?
values of approximately 0.7.

Next, the SIF yield spectra estimated in %ﬁa were further investigated for upward
(SIF) 1) and downward (SIF, |) SIF. Figure 4 shows upward and downward SIF yield
spectra and their correlations with NPQ. The upward SIF yield exhibits a consistent pattern
from 660 to 800 nm, with total SIF yield spectra having two peaks or shoulders in the red
and far-red. In contrast to upward SIF, the red peak of the downward SIF yield spectra
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almost disappears due to reabsorption of red emitted fluorescence along the optical path
through the leaf, which makes the downward SIF yield spectra present a single peak in the
far-red region. In the far-red regions, upward and downward SIF yields produce almost
the same magnitude, indicating a nearly equal contribution to the total SIF. Similar to the
total SIF yield, upward and downward SIF yields also show a better correlation with NPQ
in the far-red region and a poor relationship in the red regions. Due to the reduced SIF
intensity in red, the downward SIF yield showed a worse linear performance with NPQ in
red, with an R? close to 0.

0.8
3
0.6
=
=
> 0.4
o
0.2
0.0
0.60 - 1.0+
T - I ]
0454 [ I
0.6-
i o
3 030- A = -
NN ™ 041 R
0.15 R NN
3 NN 02+ NN
\ N \\\\ 5 3 \.\‘\\‘\\.\. \\. \\\\: : \‘k
\\\\ S OO SO N N \i\\
0.00 e N N 4 0.0 . R
6 DI D2 C DI D2

[ Agu. 21 [L]Agu. 25|

Figure 2. Differences in the key physiological parameters in the three water treatments (mean =+ std,
n = 3) measured on 21 August and 25 August. Four key parameters are the maximum quantum
yield of PSII photochemistry (F,/Fy;), nonphotochemical quenching (NPQ), operating quantum
yield of photochemistry in PSII (®P), and steady state active fluorescence (F;) normalized to dark-
adapted fluorescence (F,). C, D1 and D2 indicate the control, moderate drought, and severe drought
plots, respectively.

3.3. The Relationship between the Red:Far-Red SIF Ratio and NPQ or fPAR

The above results show that red SIF and far-red SIF yields have different sensitivities
in response to drought. Meanwhile, the retrieval of SIF from the background reflected radi-
ation is often conducted using oxygen absorption B and A bands centered at approximately
687-692 nm and 759-770 nm, respectively, when SIF measurements take place outdoors
under ambient sunlight. Therefore, we investigated the ratio of red (687 nm) and far-red
(760 nm) in the SIF to determine whether the ratio may indicate physiological change or
pigment levels to fully extract the information contained in the SIF from limited bands.
Figure 5 shows the relationships between the red:far-red ratio and NPQ or fPAR for the
downward, upward and total SIF. The downward ratio and NPQ showed a moderate linear
performance with R? = 0.58, and the upward ratio had a poor linear relationship with NPQ
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with R? = 0.23. Accordingly, the linear relationship between the red and far-red ratio of
total SIF and NPQ had a smaller R? than the linear relationship between the red and far-red
ratio of total SIF in the downward SIF. The red:far-red ratio of downward SIF was well
negatively correlated with fPAR, with R? = 0.81. However, the upward ratio shows a low
R? with fPAR. The ratio of the total SIF had a moderate relationship with fPAR (R? = 0.48),
which was probably contributed mainly by the downward SIF.

A B
0.004 | I 6.9 4 0.016 | I 6.9 1
0.003 0.012 +
3 3%
E‘ Sf NPQ E S NPQ
[ 0.002 1 3 E 0.008 t 1
0.001 | 0.004 |
0.86 0.86
0 : : : 0 : : ‘
650 700 750 800 850 650 700 750 800 850
Wavelength (nm) Wavelength (nm)
SIFtot _SIFytot
05 N'PQ VS. APAR 08 NPQ VS PARxF,
C D
0.6 0.6
v 0.4} v 0.4}
0.2F 0.2F
0 : : 0 ‘ :
650 700 750 800 650 700 750 800
Wavelength (nm) Wavelength (nm)

Figure 3. (A,B) Two forms of total SIF yield S[{II;’XIOJ and PS /{II?;OFZ spectra (660~800 nm) for all leaf

samples; colored lines represent the nonphotochemical quenching (NPQ) observed in each leaf.
(C,D) Coefficient of determination (R?) for all wavelengths of SIF yield against NPQ. The coefficient
of determination represents the performance of the linear regression.

3.4. Effect of Chl Reabsorption on SIF Spectra

Furthermore, we investigated how drought-induced Cab variation impacts red SIF and
far-red SIF responsiveness through reabsorption and scattering effects. The reabsorption
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and scattering effects are shown in Figure 6 by calculating the SIF, | /SIF, 1 ratio over
the whole spectrum as performed by Van Wittenberghe [31]. The red region had low values,
which indicate high reabsorption. The minimum of the ratio centered at approximately
683 nm, which is consistent with the red absorption maxima of chlorophyll pigments at
these wavelengths [36]. Accordingly, the red peak of the SIF ratio SIFsgy | /SIFsg7 T was
strongly correlated with fPAR (R? = 0.77). In the far-red region, the ratio had higher values
(>0.8) with a relatively stable ratio from 740 nm onward. Far-red region ratios exhibited no
correlation with fPAR (R? = 0.01). The ratios for the far-red area, however, also vary widely
across different leaves, ranging from 0.8 to 1.1.

0.008 |

I6.9 1 0.008 + 69

0.006 | 0.006 [
= Sl
~< <
== NPQ | SiE NPQ
) . 1 @ . ]
~ 0.004 ~ 0.004
0.002 0.002
0.86 0.86
0 : : : 0 : : :
650 700 750 800 850 650 700 750 800 850
Wavelength (nm) Wavelength (nm)
SIFt SIF\|
NPQ VS. PARXE, NPQ VS. PARXE,
0.8 - \ 0.8 - -
C D
0.6 0.6 |
N 0.4t U 0.4t
0.2r 02+
0 : : 0
650 700 750 800 650 700 750 800
Wavelength (nm) Wavelength (nm)

Figure 4. (A,B) The upward and downward SIF yield ( pf‘II?XTH and PISL‘II%:AX%) spectra (660~800 nm);
colored lines represent the nonphotochemical quenching (NPQ) observed in each leaf. (C,D) The
coefficient of determination (R?) for all wavelengths of SIF yield against NPQ. The coefficient of
determination represents the linear regression performance.
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Figure 5. Linear relationships between the red (687 nm): far-red (760 nm) SIF ratio and NPQ for
downward (A), upward (B) and total SIF (C). Linear relationships between the red (687 nm): far-red
(760 nm) SIF ratio and fPAR for downward (D), upward (E) and total SIF (F). Here, total SIF is
calculated as the sum of downward and upward SIF, and fPAR is used to represent the chlorophyll
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3.5. Reabsorption Correction for SIF at 687 nm

Red SIF is much more influenced by the strong chlorophyll absorption effect. To
correct this effect, we used an empirical method to estimate the escape probability at
687 nm (Equations (7) and (8)). Then, the performance of the corrected SIF yield at 687 nm
with NPQ was compared to the performance of the SIF yield without correction and the
SIF yield at 760 nm with NPQ (Figure 7). Red SIF may now more accurately represent
NPQ variation, with an increase in the determinate coefficient (R?) from 0.24 to 0.51 after
correction. In contrast to the link between SIF yield at 760 nm and NPQ), the correlation
between corrected SIF yield at 687 nm and NPQ is still weaker.
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Figure 7. From left to right panel, relationship between the SIF yield at 687 nm before correction, SIF
yield at 687 nm after correction and SIF yield at 760 nm and NPQ.

4. Discussion
4.1. Response Sensitivity to Drought of SIF in the Red and Far-Red Regions

Since PSI and PSII determine the SIF signal in the far-red region and PS II predominates
in red SIF, red SIF potentially exhibits more responsiveness to changes in physiology [18].
However, the ability of red SIF to track plant physiology is not yet clear. Our aim is to
investigate how SIF in red and far-red responses to physiological variation are induced by
drought. In this study, our analysis concentrated on the leaf scale to exclude the impact
of canopy structure on the SIF signal. We measured the upward and downward SIF
spectra across 660 to 800 nm with a FluoWat leaf clip. Then, to retrieve the physiological
information included in the SIF signal, the SIF yield was determined without considering
the influence of escape probability on SIF intensity. The correlation between SIF yield and
NPQ was conducted at different wavelengths. Our findings demonstrate that leaf level SIF
in red bands, as opposed to far-red SIF, cannot be well indicate NPQ variation.

Some previous studies have demonstrated that both red and far-red SIF can track
seasonal photosynthetic dynamics [18,37]. Nevertheless, their leaf chlorophyll content
is also affected in addition to their photosynthetic physiology when plants experience
prolonged drought [38]. Drought usually leads to a decrease in Cab in leaves [23]. The
partial overlap of the absorption of chlorophyll and the SIF spectrum of a leaf affects the
measured fluorescence spectra in the red bands [39]. Therefore, Cab has two effects on
SIF emission in the red region: light absorption by influencing fPAR and the proportion of
SIF that travels from the photosystems to the leaf surface by affecting escape probability.
These two effects of Cab on red SIF emission are opposite. In other words, when Cab
falls under drought conditions, light energy absorption falls due to falling fPAR on the
one hand, and escape probability rises due to falling reabsorption on the other hand. As
opposed to the SIF in the red band, the change in chlorophyll only modifies SIF intensity
through fPAR, leaving the escape probability unaffected, as shown in Figure 6. Therefore,
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the SIF yields in the red and far-red regions have different sensitivities in response to
NPQ under different drought treatments, as shown in Figures 3 and 4, mainly because the
physiological information included in the SIF signal cannot be correctly retrieved if the
effect of reabsorption on the red SIF is ignored.

The impact of reabsorption on red SIF at the leaf scale must be corrected to properly
utilize the physiological information of SIF. By calculating the SIF ratio between downward
and upward over the whole fluorescence range, the reabsorption versus scattering effect is
better illustrated (Figure 6). Some advances have been made to correct the signal in red
based on physical models at the leaf and canopy scales [39,40]. Nevertheless, these models
usually require the input reflectance and transmittance of leaves or canopies, which limit
their usefulness in remote sensing. Analogous to the p-theory-based escape probability in
the NIR region at the canopy scale [22], we proposed a simple reflectance-based approach to
estimate the escape probability in red using measurements of the reflectance of the red band
and NDVI. The estimated escape probability at 687 nm has a good relationship with the ratio
of downward and upward SIF at 687 nm (Figure S3). As shown in Figure 7, the performance
of the corrected red SIF in correlating to NPQ has clearly improved. This correction method
can help to find more photosynthetic information for remote sensing of SIF in the future.
However, due to the small dataset in this study, additional research for various crops and
their diverse growth seasons is required to test the generality of conclusions.

4.2. Ability of Red and Far-Red SIF Ratios to Indicate Physiology and Cab Variation
under Drought

SIFs in red and far-red bands have different response sensitivities to drought, as
discussed above. Additionally, current remote sensing instruments are not capable of
retrieving the full SIF spectrum and can only measure emitted photons within narrow
atmospheric windows. We expect the ratio to be used as a simple indicator to monitor
pigments or physiological changes using remote sensing platforms in the future.

First, the ratio between red and far-red downward SIF may indicate Cab variation
because downward SIF in red is fully reabsorbed during fluorescence photos passing
through the leaf from the top to the bottom layer, but far-red SIF is not impacted by the
effect of reabsorption. Some previous studies demonstrated that the upward fluorescence
ratio was well correlated with Cab using laser-induced upward fluorescence [25,27], but
our results show that the upward SIF ratio has poor performance in indicating Cab. The
difference may result from different leaf inner structures for different species [31]. Although
the total SIF ratio shows a moderate relationship with fPAR (R? = 0.48), we think the
relationship is due mainly to the contribution of the downward SIF to total SIF.

Second, the red and far-red ratio of SIF has limited ability to indicate physiological
information (NPQ). The red and far-red ratios of downward and total SIF are moderately
correlated with NPQ. The relationship between red:far-red of upward SIF and NPQ is
weak. However, we cannot simply assume that red:far-red of downward SIF is mediated by
NPQ. The red:far-red ratio of downward SIF has a stronger ability to indicate physiological
changes than the ratio of upward SIF. NPQ and Cab probably change proportionally under
drought conditions in our experiment. Thus, the increase in NPQ occurs simultaneously
with the decrease in Cab. Therefore, the relationship between the SIF ratio and NPQ is
still essentially the relationship between the SIF ratio and Cab. To rule out the impact of
Cab, the change in the SIF ratio and NPQ must be investigated when there is no noticeable
change in Cab under water stress.

4.3. Reasons Why Far-Red SIF Normalized by PAR x F, Can Better Indicate NPQ

To better interpret the physiological information of SIF signals, we need to decouple the
interaction of biochemistry, illumination, and photosynthesis. The SIF yield in the far-red
bands was generally calculated by normalizing the SIF using APAR if the escape probability
at the leaf scale was not considered [29]. SIF/APAR at 760 nm has been demonstrated
to be positively correlated with steady-state fluorescence (F;) and negatively correlated
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with NPQ [32,41]. Furthermore, some studies suggest that both F; and SIF/APAR were
normalized to dark-adapted basal rates (F,) to consider any difference between leaves due
to different leaf structures, Cab, and photodamage, showing a more pronounced drought
response [32,35]. However, we find that SIF/PAR/F, in far-red bands can provide the best
indicator for NPQ variation in drought compared with SIF/APAR and SIF/APAR/F,. One
possible reason for this result can be explained by analyzing the information contained
in F,. First, increased dark acclimation F, was observed under water stress, implying
degradation in PSII (D1 protein and other parts of PS) and disruption in energy transfer
into the reaction center [42]. Moreover, F, has been demonstrated to be negatively correlated
with Cab [33,43]. Consequently, the F, includes both photoinhibition and the Cab status of
leaves. Therefore, SIF/ APAR/F, would repeatedly eliminate the effect of fPAR, weakening
the relationship between the estimated SIF yield and NPQ. Using SIF/PAR/F, to estimate
SIF yield can simultaneously eliminate the effect of fPAR and photoinhibition on SIF signals.
However, unless we have solid proof from analyzing other species and more leaf samples,
we must temper this interpretation. Another notable issue is that F, cannot be obtained
directly from remote sensing of SIF. An alternative method is to use the SIF signal at low
light (early morning) as a proxy for F, based on geostationary satellites.

5. Conclusions

In this study, we acquired leaf SIF spectral data of upward and downward emissions
and photosynthetic parameters from active fluorescence under different drought conditions.
The wavelength-dependent link between SIF yield and NPQ was compared. We found
that the SIF/PAR/F, in the far-red region had a strong and stable correlation with NPQ.
Drought not only reduces red SIF due to photosynthetic regulation, but it also increases red
SIF by lowering chlorophyll content (weakening the reabsorption effect). The co-existence
of these two contradictory effects makes the red SIF of leaf scale unable to reliably indicate
NPQ. Moreover, the red:far-red ratio in the downward SIF shows a good relationship with
Cab, whereas the upward SIF ratio has a poor linear relationship with Cab.
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sured by SPAD-502 and fPAR estimated using leaf absorption; Figure S2: Relationships between
nonphotochemical quenching (NPQ) and operating quantum yield of photochemistry in PSII (®P),
steady-state active fluorescence (F;) normalized by dark acclimation minimal fluorescence (F,);
Figure S3: Relationships between the ratio of downward SIF and upward SIF at 687 nm and the
estimated escape probability at 687 nm.
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