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Abstract: The purpose of this paper was to investigate the early water stress in maize using
leaf-level measurements of chlorophyll fluorescence and temperature. In this study, a series
of diurnal measurements, such as leaf chlorophyll fluorescence (Fs), leaf spectrum,
temperature and photosynthetically active radiation (PAR), were conducted for maize during
gradient watering and filled watering experiments. Fraunhofer Line Discriminator methods
(FLD and 3FLD) were used to obtain fluorescence from leaves spectrum. This simulated
work using the SCOPE model demonstrated the variations in fluorescence and temperature
in stress levels expressed by different stress factors. In the field measurement, the gradient
experiment revealed that chlorophyll fluorescence decreased for plants with water stress
relative to well-water plants and Tiear-Tair increased; the filled watering experiment stated
that chlorophyll fluorescence of maize under water stress were similar to those of maize
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under well-watering condition. In addition, the relationships between the Fs, retrieved
fluorescence, Tieaf-Tair and water content were analyzed. The Fs determination resulted to the
best coefficients of determination for the normalized retrieved fluorescence FLD/PAR
(R?= 0.54), Ticar-Tair (R = 0.48) and water content (R? = 0.71). The normalized retrieved
fluorescence yielded a good coefficient of determination for Ticar-Tair (R? = 0.48). This study
demonstrated that chlorophyll fluorescence could reflect variations in the physiological
states of plants during early water stress, and leaf temperature confirmed the chlorophyll
fluorescence analysis results and improved the accuracy of the water stress detection.

Keywords: chlorophyll fluorescence; SCOPE; temperature; early water stress; Fraunhofer
line discriminator

1. Introduction

Vegetation water stress is a significant issue that currently affects maize growth and production.
Maize is currently regarded as the most important food crop in the world. A focus on maize drought is
important for plant growth, sustainable human development, the environment and the economies of
countries worldwide. Accurately monitoring drought has always been a focus of research and has
attracted the attention of many people [1,2]. Numerous studies have shown that vegetation water stress
can be measured using optical and thermal infrared remote sensing, as well as passive and active
microwave remote sensing techniques [1-10]. These techniques exploit surface reflection, surface
temperature, brightness, temperature and the backscatter coefficient separately to estimate soil moisture
near the surface. Though these methods are widely used, they have several limitations. For example,
they lack a direct relationship with the plant physiological state and estimate the plant drought based on
the surface information. Thermal infrared remote sensing is a wide and effective method for detecting
vegetation stress, and using the canopy temperature to track water stress is considered reliable for
monitoring plant water status [4]. However, retrieving canopy component temperatures involve thermal
infrared remote sensing problems, such as how to remove the effects of soil background [11], and the
relationships between leaf temperature and water level are not clear [12].

Chlorophyll fluorescence is directly related to plant photosynthesis and the physiological state of
vegetation. Thus, chlorophyll fluorescence has been used as a powerful, non-destructive and reliable tool
in plant physiology for understanding the primary events of photosynthesis and the effects of stress on
photochemistry [13—16]. Under natural sun light, the energy absorbed by the leaf is used in three
processes, photochemistry, heat dissipation and chlorophyll fluorescence [17,18]. These three processes
compete with each other, and variations in one process can affect the other. Many studies have shown
that both chlorophyll fluorescence and photochemistry for plants decrease due to deactivation of
antennae to prevent damage by harmful radicals that are formed under stress conditions, while heat
dissipation increases aiming to dissipate the extra energy and protect the plant from destroy [19-26].
Therefore, many researchers have focused on chlorophyll fluorescence and have exploited it to monitor
water stress [12,15,17,22,23,26-28].



Remote Sens. 2015, 7 3234

To actively measure chlorophyll fluorescence, several chlorophyll fluorescence parameters, including
the steady-state chlorophyll fluorescence (Ft), Fm/Fo, photochemical quenching coefficient (PQ) and
non-photochemical quenching coefficient (NPQ), are measured using a chlorophyll fluorometer (PAM).
These parameters and leaf gas-exchange parameters (CO: assimilation rate, transpiration rate, leaf
temperature and related parameters) are widely used to study the effects of water stress on the in vivo
chlorophyll fluorescence in leaves [29-32].

Active measurements can estimate the fluorescence effectively at the leaf. In addition, the methods
based on remote sensing have been developed for detecting vegetable stress: (i) The fluorescence lidar
system has been used to obtain plant fluorescence images to determine the vegetation status [33]. (ii)
Hyperspectral remote sensing can provided new methods for detecting sun-induced chlorophyll
fluorescence and has made remarkable progress in recent years. It is then possible to detect vegetation
stress using hyperspectral remote sensing on a large scale. Thermal and hyperspectral images have been
obtained from an unmanned aerial vehicle (UAV), and field measurement (including the leaf water
potential measurement, stomatal conductance measurement, and leaf chlorophyll fluorescence
measurement) was used to assess the vegetation water stress [12,24,25,34]. The chlorophyll index
(DCI = D70s/D722) [29], in-filling method [22], fluorescence ratios (F685/F735, F452/F685 and
F452/F735) derived from the fluorescence spectrum [30], and reflectance index D715/D705 derived
from the first derivative reflectance spectrum [23] were used to detect plant variations associated with
some environmental factors that affect plant growth and productivity. The fluorescence, canopy water
content and MODIS EVI data were retrieved from the Greenhouse Gases Observing Satellite GOSAT,
and were used to analyze the water stress in Amazonia at a global scale [35].

The purpose of this paper is to use chlorophyll fluorescence and leaf temperature data to detect water
stress in winter wheat. Chlorophyll fluorescence is obtained from active measurement and passive
measurement. The relationship between photosynthesis and chlorophyll fluorescence reveals that
chlorophyll fluorescence can be a very powerful tool for studying plant performance, especially when
coupled with other noninvasive measurements, such as absorption spectroscopy, gas analyses and
infrared thermometry [36]. Therefore, in this paper, the chlorophyll fluorescence and leaf temperature
on the leaf scale are combined to detect water stress in potted maize. Using this combination, the
accuracy of detecting plant stress may improve.

2. Materials and Methods
2.1. Experimental Setup

The experimental site was located in the biological park in Beijing Normal University, which is in a
sunny position with no high objects to block the sunlight. Potted maize was selected as the object of
research. The soils in the plots at the study site all had typical silt loam profiles with uniform texture.
Maize plants were planted in 20 plastic buckets in June 2013 and fertilized at the V6 stage (vegetative
stage, six collars). Three maize plants were grown in each plastic bucket, and after some time, the best
plants were kept and the others were removed. At the end, there was one maize plant in one plastic
bucket. In addition, all maize was protected from rainfall using an umbrella to guarantee the accuracy of
the water stress experiment. The water conditions were controlled during the maize growth process. The
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normal maize water consumption was 1860—4440 m>/ha over the entire life of the plant [32]. The maize
was watered four times during the following stages: before planting, V12 (vegetative stage, 12 collars),
V15 (vegetative stage, 15 collars) and R (reproductive stage) [37]. During the V12 stage, lacking water
or nutrients will drastically affect yield; thus, it was important to add water at this stage. Generally, 1/4
of the normal watering amount was applied at each of the maize growth stages mentioned above. In this
experiment, we assumed that the normal maize water consumption at one stage was 750 m*/ha, and

3 water was

according to the volume of plastic bucket (height 40 cm, diameter 30 cm), 510 m
considered as a normal amount during the V12 stage. All maize was divided into four groups, S1, S2,

S3 and S4. The four groups were treated as explained in Table 1.

Table 1. Watering conditions.

Water Consumption (m*/per barrel)

Date Water Condition

S1 S2 S3 S4
2 July The gradient watering 0 1.25x1073 2.5%1073 5x1073
S5July  The filled watering 5x1073 3.75x1073 2.5%10°3 0

In this experiment, three measurements were carried out. These measurements were used to analyze
the relationships between chlorophyll fluorescence and the plant physiological state. For each
measurement, the leaf spectrum, leaf chlorophyll fluorescence, PAR and soil water content were
collected. The measurement arrangement is described in Table 2.

Table 2. Measurement timetable.

Date Stage Water Measure Parameters Time
9:00 am
Leaf spectrum,
. 11:40 am
2 July V12 at night chlorophyll fluorescence,
. 14:30 pm
PAR and soil water content
16:40 pm
Leaf spectrum, 9:30 am
. chlorophyll fluorescence, 11:30 am
5 July V12 at night .
PAR and soil water content 14:30 pm
leaf temperature 16:00 pm

Leaf spectrum,
chlorophyll fluorescence,
6 July Vi2 - ) 10:00 am
PAR and soil water content

leaf temperature

2.2. Data Collection

Meteorological, leaf spectrum measurements and leaf chlorophyll fluorescence data were collected
outdoors under natural solar illumination at several times (Table 2) from the four maize groups. The
measurements were collected under clear sky conditions, and using fully expanded maize ear leaves that
represented the current growth conditions of the maize.

Field data, including PAM, spectrum and soil water content data, were measured for three days.
During the measuring phase, maize was in the V12 stage. Here, the fluorescence that was measured by
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PAM was marked as Fs, and the fluorescence that was computed from the leaf spectrum using the FLD
or 3FLD method was marked as FLD or 3FLD, respectively. The normalized fluorescence was computed
by FLD or 3FLD and divided by PAR (marked as FLD/PAR or 3FLD/PAR). In this experiment, the
maize was divided into four groups, with four barrel maize plants in each group. In the following
analysis, the mean value of each group was used.

2.2.1. PAR Data and Soil Water Content Data Collection

In this study, PAR was measured using a QSO-S PAR Photon Flux sensor (Decagon Devices, USA).
The soil moisture was measured using an EC-5 volumetric water content sensor. The data were registered
by an EM50 digital/analog data logger. Two points should be noted. (i) First, the PAR measurement was
synchronous with the leaf spectral measurements. (ii) Second, the EC-5 volumetric water content sensor
was set at a depth of 5 cm below the soil surface.

2.2.2. Leaf Spectral Data Collection

Leaf spectral data were acquired using a high-resolution spectrometer (HR4000) (Ocean Optics,
USA), which has been widely used to measure plant spectral information and extract fluorescence
data [25,34,38,39]. The HR4000 spectrometer shows a spectral range of 720-800 nm and a spectral
resolution of 0.05 nm. Absolute radiance calibration was performed by the Institute of Atmospheric
Physics at the Chinese Academy of Sciences. To protect the HR4000 machine from the effects of air
temperature, the HR4000 machine was housed in a thermally insulated box to maintain a stable internal
temperature and reduce dark current drift [38]. The middle of one leaf from one bucket was measured
three times, and the mean value was used for analysis. Radiance-based methods, including FLD and
3FLD, were used to retrieve the fluorescence.

2.2.3. Leaf Fluorescence Measurements

The leaf fluorescence was measured using high-performance field and laboratory chlorophyll
Fluorescence PAM-2500 (Heinz Walz GmbH, Germany), which is widely applied in photosynthesis
research and in plant eco- and stress-physiology [40]. The Fo and Fm were recorded in the
dark-acclimated state. In this case, Fo is the basic chlorophyll fluorescence yield recorded under low
measuring light intensities and Fm is the maximum chlorophyll fluorescence yield when the photosystem
II reaction centers are closed by a Saturation Pulse. The three following parameters were recorded in the
light-exposed state: (i) Fo is the minimum chlorophyll fluorescence yield in the state of open
photosystem II reaction centers; (i1)) Fm is the maximum chlorophyll fluorescence yield when the
photosystem II reaction centers are closed due to a strong light pulse; and (iii) Ft represents the
fluorescence during steady-state photochemical levels, which are also marked as Fs. Here, the Fs
parameter was used to indicate the current fluorescence. The leaf that was measured by PAM was
consistent with that measured by HR4000.
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2.2.4. Leaf Temperature Measurement

The leaf temperatures were measured using the infrared thermometer, Testo 845. The emissivity was
set to 0.99, and the accuracy was +0.75 °C between —35 and +75 °C. To ensure the accuracy and
comparability of the experiment result, leaf temperature measurements were collected at a time that was
consistent with the other measurements. Air temperature was obtained from the automatic weather
station in the Beijing Olympic park which is close to the experimental site (Beijing Normal University).
Leaf temperature is affected by air temperature; therefore, air temperature was used to correct leaf
temperature, marked as Tieaf-Tair.

2.3. FLD and 3FLD Methods

The FLD method, which was developed by Plascyk (1975) and Plascyk and Cabriel (1975) [41,42],
forms the basis of all radiation-based methods. The FLD requires two flux measurements, one inside the
Fraunhofer line and one outside the Fraunhofer line [43]. Because of the fluorescence, an in-filling effect
occurs on the real fluxes in the oxygen absorption bands (O2-A and O2-B). For application, FLD is
computed using the mathematical operation of the solar irradiance and target radiance inside and outside
the Fraunhofer line:

_ E(Aout) - Lin) — Lour) - EQin)

FLD EO\'out) - E(}‘in) (1)

where E(Aout) is the solar irradiance outside the Fraunhofer line, E(Ain) is the solar irradiance inside the
Fraunhofer line, L(Aout) is the target radiance outside the Fraunhofer line, and L(Ain) is the target radiance
inside the Fraunhofer line. In this paper, Aout was 766.84 nm and Ain was 760.45 nm.

For the 3FLD method, two bands replaced the band outside the Fraunhofer line, one on the left
shoulder of the Fraunhofer well and one on the right. Compared with the FLD method, the 3FLD method
resulted in a more accurate fluorescence calculation.

Ein) X (Wiest X Lest) + Wright X L(Arigne))

L) —
" Wieft X E()\left) + Wright X E(Aright) (2)
3FLD =
1— E()\ln)
Wieft X E()\left) + Wright X E()\right)

Ain—Meft Aright—Meft

w = —, Wy =

left Xright_kleft right xright_xleft

where L(\ieft) and L(Asight) represent the target radiances in the left and right shoulders of the Fraunhofer
well, respectively. In addition, E(Aeft) and E(Aright) represent the solar irradiance in the left and right
shoulder of the Fraunhofer well, respectively, and wiet and wright are the weights of two bands outside
the Fraunhofer line. In this paper, Aright was 766.84 nm, Ain was 760.45 nm and Aleft was 759.22 nm.

2.4. SCOPE Model

The SCOPE (Soil Canopy Observation, Photochemistry and Energy fluxes) model is a vertical (1-D)
integrated radiative transfer and energy balance model [19,44—46]. It contains the radiation transfer and
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energy balance module and can simulate spectra from 0.4 to 50 um, including the visible, near and
short-wave infrared and the thermal domains, with resolutions of 1, 1, 100 and 1000 nm, respectively [47].
The SCOPE model can simulate the fluorescence in the canopy by using the radiation transfer module
and leaf biochemical model.

In this study, SCOPE was used to illustrate the variation tendencies of fluorescence and canopy
temperature under stress conditions. The input parameters of SCOPE were as also set as default
parameters, and the time step was 30 min. In addition, the meteorological data in Baoding, Hebei
province, China, was used as input to derive the SCOPE model, and the results showed that the variations
of some input parameters did not result in significant variations in fluorescence or temperature trends;
therefore, these results are not presented here.

The SCOPE model is not only used in healthy plants but is also suitable for vegetation under stress
conditions. In SCOPE, the parameter stress factor can be used to set a value that shows the stress factor
to reduce the maximum carboxylation capacity (Vemax) in a biochemical module, such as soil moisture,
leaf age, efc. In addition, Vemax is an important control parameter of the photosynthesis capacity and
varies substantially in space and time in response to environmental control [47]. By varying the stress
factor in the SCOPE model, different water stress effects on the fluorescence and canopy temperature
can be observed. When the stress factor was set to 1.0, the plant was not under stress.

In the SCOPE model, the following input parameters are:

(1) PROSPECT parameters, such as the chlorophyll a + b content, dry matter content, leaf water
equivalent layer, senescent material fraction, leaf thickness parameters and thermal reflectance
and transmittance;

(i1) Leaf Biochemical parameters, including the maximum carboxylation capacity, stomatal conductance
parameter, photochemical pathway, extinction coefficient, respiration and temperature response;

(i11) Fluorescence quantum yield efficiency at the photosystem level;

(iv) Soil parameters, including soil spectrum, soil resistance, soil reflectance in the thermal range, heat
capacity of the soil, specific mass of the soil and soil moisture content;

(v) Canopy geometry parameters, including leaf area index, vegetation height, canopy structure and
leaf width;

(vi) Meteorological data, including measurement height, incoming shortwave and longwave radiation,
air temperature, air pressure, atmospheric vapor pressure, wind speed, and atmospheric CO2 and O2
concentrations;

(vii) Aerodynamic data, including roughness length for the momentum of the canopy, height, leaf drag
coefficient, and resistance;

(viii) Time series information (only for daily simulation); and

(ix) Three observation angles (solar zenith angle, observation zenith angle, and the azimuthal
difference between solar and observation angles).
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3. Results and Discussion
3.1. The Results of the SCOPE Simulation
3.1.1. Variations in Chlorophyll Fluorescence and Canopy Temperature under Stress Conditions

Fluorescence from the morning to afternoon gradually increased to a maximum value before
decreasing to nearly zero. The fluorescence peaked at approximately midday (Figure 1a). During the
early morning or late night hours, no fluorescence occurred over a short period because the leaves did
not absorb sunlight during those periods. When plants are in a healthy environment (stressfactor = 1.0),
the fluorescence is much higher than when plants are stressed. As a drought becomes more intense, the
fluorescence decreases quickly. Compared with fluorescence under different stress conditions, the
extents of changes in fluorescence were relatively large around midday and small during the early
morning and late afternoon.

The canopy temperature first decreased to its lowest point during the early morning and gradually
increased to reach its peak before decreasing again (Figure 1b). A small trough was observed at 13 pm,
potentially due to stomatal closure to protect the plant from damage, known as the midday depression of
photosynthesis. When vegetation is under stress, the canopy temperature of maize is larger than when
the plants are in well-watered conditions.
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Figure 1. (a) Time series of the fluorescence. (b) Time series of the canopy temperature.
3.1.2. Relationships between Chlorophyll Fluorescence and Canopy Temperatures on the Canopy

Chlorophyll fluorescence and canopy temperature were positively related before becoming negatively
related (Figure 2a). A turning point occurred during the daily cycle. Before mid-day, a good linear
relationship was observed between the fluorescence and canopy temperature. The slope of this linear
relationship varied with the water status (Figure 2b). In this period, chlorophyll fluorescence and
temperature gradually increased. The rate of the chlorophyll fluorescence increase declined slowly as
stress became more severe, and the rate of temperature remained stable. After midday, the relationship
between the fluorescence and canopy temperature was nonlinear, complicated (Figure 2c¢) and varied
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with the stress level. When the plant was a healthy maize plant, the maximum temperature was 27 °C,
and temperature varied gradually. In addition, the chlorophyll fluorescence declined remarkably in this
case. As the stress became more severe (stress factor ranged from 1.0 to 0.1), the maximum temperature
slightly increased, and the range of temperature variation gradually increased. Simultaneously, the range
of chlorophyll fluorescence decreased. This decrease revealed that heat dissipation played an important
role in energy consumption in the afternoon. In addition, using the temperature and chlorophyll
fluorescence together can more accurately assess water stress.
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Figure 2. Relationships between the fluorescence and canopy temperature: (a) Full day, (b)
before midday and (¢) after midday.

3.2. Analysis of the Field Data
3.2.1. Time Series of Chlorophyll Fluorescence and Leaf Temperature at Different Water Levels

To analyze variations in chlorophyll fluorescence and leaf temperature under water stress conditions,
three days of field data were compared.

On 2 July, similar soil water contents for the four groups were measured (Figure 3a). However, the
Fs values for the four groups were different during the morning and similar in the afternoon (Figure 3b).
When the measurement was finished, gradient watering was applied. The S1 group was treated with no
water, the S2 group was treated with % of the normal water volume, the S3 group was treated with 2 of
the normal water volume, and the S4 group was treated with the normal water volume.
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On 5 July, the Fs in S1 was low and the Fs in the S4 group varied from small to large relative to the
values observed on 2 July. Because S3 was treated with more water than S2, the Fs in the S3 group was
larger than that in S2 (Figure 3c). The results of the gradient watering indicated that well-watered maize
plants had a greater fluorescence than those under water stress. The results of the simulation using the
SCOPE model indicated that the fluorescence increased before decreasing, and Zarco-Tejada et al.
demonstrated that these results, obtained at the field canopy level from an airborne CASI hyperspectral
sensor, were consistent with leaf, laboratory, and theoretical levels [48]. Therefore, a comparison can be
performed between field data and the SCOPE results. Under water stress conditions, chlorophyll
fluorescence decreased and the leaf temperature increased. This result can be observed in the analysis of
field data and the simulation analysis of SCOPE. However, this daily trend of chlorophyll fluorescence
was not found in the analysis results of Fs, possibly due to the limited number of measurements. The
gradient watering experiment indicated that the Fs value was low under water stress but high in

well-watered conditions.
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Figure 3. (a) Comparison of the soil water content; (b) Daily variations in the PAM Fs on 2
July; (¢) Daily variations of PAM Fs on 5 July; (d) PAM Fs for the four groups on 6 July.

After measuring during the day on 5 July, the filled water was applied at night. According to the normal
water volume of maize and the first water volume, the second watering was performed (Table 1). After
the filled watering, four groups were treated with the same water volume, and the Fs values in these four
groups were similar (Figure 3d). For the S1 group, filled water relieved the water stress condition, and



Remote Sens. 2015, 7 3242

the maize recovered from water stress and reached a relatively healthy state. The Fs in the S1 group
recovered to the same level as that in the S4 group when filled watering occurred. In addition, the Fs
recovered in the S2 and S3 groups, but several differences were observe relative to the S1 group,
potentially due to the low soil water content, which resulted in the need for water in the S1 group. The
filled watering experiment demonstrated that it was possible to exploit the Fs to detect when the plant is
under early water stress. The Fs can detect subtle variations in a plant’s physiological state.

An infrared thermometer was used to measure the leaf temperature, and air temperature was used to
correct leaf temperature. Tieat-Tair on 5 July and on 6 July was analyzed. On 5 July, the four groups were
treated with gradient watering. As shown in Figure 4, Tiear-Tair under the normal watering conditions was
lower than that under water stress. At 12:00 am on 5 July, Tieat-Tair for S1 was obviously higher than that
of the other groups, while at 14:30 pm and 16:30 pm, Tiea-Tair for S2 was higher than that in S1. This result
indicated that the relationships between the temperature and water stress level were complicated [34] and
that the temperature cannot accurately reflect variations in the physiological state. Figure 4b shows that
after filled watering there were some differences for Tieat-Tair between the four groups. It may be a result
of inadequate water absorption.

2 0
5™ July a 6™ July (10:00 am) b
0 -
-4
22 i
5 E
] o 5
= =
-6 -
’T 6 =3
B g
= -8 =
—8— S1
—— S2 -4 4
-10 + —e— S3
-0 s4
-12 . ' v T T T T T T T -5 T T T T
11:00:00 13:00:00 15:00:00 17:00:00 51 S2 S3 sS4
Time Water Level

Figure 4. (a) Daily variations in Tieaf-Tair on 5 July. (b) Variations in Tieat-Tair at 10:00 am
on 6 July.

3.2.2. Comparison between Gradient Watering and Filled Watering

To explain the variations in fluorescence and temperature after gradient watering or filled watering,
the soil water content, Fs, and temperature data at a certain time within three days were compared. From
Figure 3a, the soil water contents in the four groups changed during the two watering times. After the
gradient watering, the soil water content in S4 increased quickly, and the soil water content in S2 or S3
increased slightly. In addition, some variations were found in the fluorescence (Figure 5a). On 5 July,
the Fs in the S4 group—treated with a normal water volume—was greater than that in the S1 group.
According to the water volume, the Fs values in the four groups were arranged in gradient order. When
comparing the Fs on 2 July with that on 5 July, the Fs in S4 obviously increased, while that in S1, S2
and S3 decreased. This finding indicated that S1, S2 and S3 were under different degrees of water stress.
During the measuring phase, maize was in the V12 stage. At this stage, maize requires water to maintain
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normal growth. During the addition of filled water, the maize plants in the four groups were given the
same volume of water. When comparing the Fs values on 6 July and 5 July, the Fs values of the four
groups increased, despite S4 not being given water. The maize in the S4 group remained in a healthy
state during the first watering. The same amount of water was given to these four groups, but differences
were observed between the Fs values among these four groups, demonstrating differences in the maize
physiological state.

Variations in temperature at different water levels can be observed in Figure 5b. When the four groups
were given different water volumes, Tiear-Tair in the lowest water content group was the highest. After
filled watering, Tiea-Thair still increased due to inadequate water absorption. Compared Tiear-Tairon 5 July
with that on 6 July, it was found that the relationship between the temperature and water level was
complicated, and the temperature was not sensitive to the variation of soil water content.
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Figure 5. Comparison of the Fs (a) and Tiear-Tair (b) of the four groups.
3.2.3. Fluorescence Computed Using Passive Measurements

Radiation-based methods (FLD and 3FLD) were used to extract fluorescence from the leaf spectrum
measured by HR4000. Illumination conditions are important for fluorescence. The normalization was
calculated by dividing the PAR by the extracted fluorescence from the spectrum (marked as FLD/PAR,
3FLD/PAR) [38].

On 2 July, in Figure 6, the daily variation trend of Fs was the same as that shown in the SCOPE model
(Figure 6a and 6d). The Fs increased before gradually decreasing. The Fs in the four groups changed
over a small range. After gradient watering, the FLD/PAR in the S4 group was larger than that in the
other groups (Figure 6b). The FLD/PAR in S1 was the lowest because S1 group was not given any water.
However, the FLD/PAR in S3 was sometimes larger than that in S4. These observations potentially
resulted from measured errors in the spectrum and PAR measurements. After the filled watering, the
FLD/PAR values in the four groups were similar to each other, and the FLD/PAR in S1 recovered to
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that of S4 (Figure 6¢). In addition, the 3FLD/PAR in the four groups showed the same results
(Figure 6d—f). An analysis of the FLD/PAR and 3FLD/PAR in the four groups indicated that chlorophyll
fluorescence was closely related with the plant’s physiological state, and could reflect early water stress.
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3.2.4. Comparison of the Active and Passive Measurements

S4

The data obtained at 12:00 on 5 July, including the Fs, T, fluorescence retrieved by FLD and 3FLD,
and water content, were used to analyze the relationship between the active and passive measurements.

The four groups were combined to analyze the relationships between the parameters. The relationships

between the fluorescence and other parameters were analyzed, with R> = 0.54 for Fs vs. FLD/PAR
(Figure 7a); R>= 0.48 for Fs vs. Tiear-Tair (Figure 7b); R?= 0.48 for FLD/PAR vs. Tiear-Tair (Figure 7c);
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and R?>= 0.71 for Fs vs. soil water content (Figure 7d). The performances of FLD/PAR and 3FLD/PAR
were similar; therefore, only the comparisons of FLD/PAR with the other parameters are given. A
comparison of the active and passive measurements demonstrated the consistency of active and passive
measurements, and the close relationships between the fluorescence and soil water contents
demonstrated that fluorescence could be used to detect early water stress.
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Figure 7. Comparison of the active and passive measurements (a) PAM Fs vs. FLD/PAR;
(b) PAM Fs vs. Tieat-Thair; (¢) PAM Fs vs. Soil water content; and (d) FLD/PAR vs. Tieaf-Tair.

4. Conclusions

In this study, the SCOPE model was used to simulate chlorophyll fluorescence and temperature in
the canopy. Compared with plants in healthy environments, the chlorophyll fluorescence decreased when
the plants were stressed and the temperature increased. The relationship between chlorophyll
fluorescence and temperature indicated that combining both parameters could improve the accuracy of
stress detection. Then, two experiments were designed to illustrate the variations of chlorophyll
fluorescence and temperature at different water levels.

A controlled watering experiment was performed to demonstrate that the chlorophyll fluorescence
and temperature were closely related with the maize physiological state. Maize in the V12 stage was
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chosen to research objectives, and two watering were performed to control the water content. By
controlling the soil moisture content, variations in the fluorescence and leaf temperature were observed.

The gradient watering experiment showed that the fluorescence for maize was low under water stress.
As the water stress became more severe, the temperature gradually increased. Although the fluorescence
was closely related with the water level, the relationship between temperature and water level was not
clear. This finding suggested that chlorophyll fluorescence could be the best tool for monitoring plant
drought. In addition, the temperature results could confirm the results that were obtained using
chlorophyll fluorescence.

The filled watering experiment illustrated that chlorophyll fluorescence could be used to monitor
early water stress in plants. Filled watering helped relieve water stress in maize without causing
physiological tissue damage, resulting in its recovery to a relatively healthy state. In addition, chlorophyll
fluorescence of plants under water stressed conditions could increase to levels that are similar to those
of plants under well-watered conditions, but the temperature increased due to inadequate water
absorption. It also illustrated that chlorophyll fluorescence was more sensitive to variation of soil water
content than the temperature.

Based on these experiments, it can be concluded that fluorescence is a useful tool for monitoring early
vegetation water stress, and temperature data can be used to confirm the results. In addition, using
chlorophyll fluorescence and temperature can compensate for the shortcomings of temperature detection
and provide accurate water stress detection.
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