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A B S T R A C T   

The importance of detecting drought stress in crops to alleviate the pressure of the growing population and food 
demand is well recognized. Although chlorophyll fluorescence (ChlF) is closely related to photosynthesis, it is 
always disturbed by the intensity of irradiance during the measurement. To detect drought stress more effectively 
with ChlF, we studied the diurnal relationship of the effective quantum yield of photosystem II (PSII) photo-
chemistry (ΦPSII) and photosynthetically active radiation (PAR). We measured the diurnal ΦPSII , leaf temperature 
(Tleaf ) and PAR of maize leaves (Zheng Dan 958) by pulse-amplitude modulated (PAM) fluorometry under 
different drought stresses. We found that in the absence of drought stress, the linearity (indicated by R2) between 
diurnal ΦPSII and PAR was strong. When drought stress was gradually aggravated, the difference between the 
ΦPSII values in the morning and those in the afternoon under similar PAR values gradually became significant. 
Therefore, the R2 values of the linear correlation of the diurnal ΦPSII-PAR regression gradually decreased under 
increased drought stress. The simulation results of a photosynthesis model showed that the diurnal variation in 
the response of ΦPSII-PAR during drought may be the result of the fluctuation of the substrate saturated Rubisco 
capacity (Vcmax) , which was dominated by the dynamics of Tleaf . The results indicated that the linearity of 
diurnal ΦPSII-PAR regression can be used as an effective and convenient field indicator to monitor drought stress.   

1. Introduction 

Water limitation is considered the main factor, either alone or 
combined with other unfavourable conditions, that seriously limits 
agricultural productivity around the world (Trenberth et al., 2014). In 
the context of global climate changes, warmer and drier conditions are 
expected to be more frequent, leading to severe droughts. In addition, 
the contradiction between population pressure and food demand in the 
future will aggravate the impact of drought stress on the economy, 
geopolitics and society (Somerville et al., 2001; Tombesi et al., 2018). 
Therefore, it is particularly important to detect the physiological state of 
vegetation and study how vegetation responds to drought stress, which 

helps to optimize the agricultural water demand and minimize the 
physiological damage and yield loss of crops. 

During photosynthesis, ~5% of the light energy absorbed by 
photosystem II (PSII) is re-emitted as chlorophyll fluorescence (ChlF). 
ChlF is closely related to photosynthetic CO2 assimilation. Therefore, 
ChlF can be used to monitor the responses of vegetation to various 
stresses, including drought stress (Percival, 2005; Salvatori et al., 2014). 
Although there are various fluorescence measurement techniques, the 
pulse-amplitude modulated (PAM) technique (Schreiber et al., 1987) is 
widely adopted because it is feasible for field applications (Brestic and 
Zivcak, 2013). PAM fluorometry has become a powerful tool in the 
research of plant photosynthesis and is increasingly being used for in situ 
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ecological monitoring (Campbell et al., 2003; Durako, 2012). The most 
widely used parameters include the maximum quantum yield of PSII 
photochemistry (Φmax

PSII ) and the effective quantum yield of PSII photo-
chemistry (ΦPSII). Φmax

PSII reflects the potential quantum efficiency of PSII, 
which is considered to be a susceptible component of the photosynthetic 
machinery and will often bear the brunt of stress conditions (Demmig- 
Adams and Adams, 2018). During severe drought, Φmax

PSII will decrease (Li 
et al., 2008; Brestic and Zivcak, 2013; Tribulato et al., 2019), indicating 
the downregulation of photosynthesis or photoinhibition under stress 
(Lichtenthaler and Rinderle, 1988). However, during mild to moderate 
drought stress, Φmax

PSII usually does not change obviously (Baker and 
Rosenqvist, 2004; Brestic and Zivcak, 2013). In addition, because dark 
adaptation is required, it is inconvenient to measure Φmax

PSII during the 
daytime in the field (Zha et al., 2017). ΦPSII reflects the actual efficiency 
of photosystem II (PSII) at a specific moment (Maxwell and Johnson, 
2000; Baker, 2008). The measurement of ΦPSII does not require dark 
adaptation, which is convenient for field measurements (Brestic and 
Zivcak, 2013). ΦPSII is extremely sensitive to changes of environmental 
factors, such as the soil moisture and light conditions (O’Neill et al., 
2006; Murchie and Lawson, 2013; Hazrati et al., 2016; Lang et al., 
2018). For drought stress detection in the field, it is difficult to decouple 
the contributions of drought stress and high irradiance to the decrease in 

ΦPSII. Therefore, it is difficult to determine the degree of drought stress 
based on only absolute ΦPSII values. 

To better exploit the potential of PAM technology in plant physio-
logical detection, many studies have attempted to improve the mea-
surement scheme for obtaining fluorescence parameters. The rapid light 
curve (RLC) method measures ΦPSII as a function of irradiance (White 
and Critchley, 1999). Through RLC, a series of parameters for analysing 
vegetation physiology can be derived. For example, the initial slope and 
the asymptote of the RLC are measures of the light harvesting efficiency 
of photosynthesis and the capacity of photosystems, respectively 
(Marshall et al., 2000). RLC has been applied in detecting drought stress 
(Huang et al., 2012) and high-temperature stress of plants (Datko et al. 

Fig. 1. The soil relative water content (SRWC) values and irrigation amounts of 
each plot from July 22 to September 2. The experimental rewatering time was 
the evening after the experimental observations of that day. 

Fig. 2. Two methods of ΦPSII measurement. The Leaf-Clip Holder 2030-B was equipped with a Mini quantum sensor and a temperature sensor (b). A mini quantum 
sensor was integrated into the Leaf-Clip Holder to monitor the PAR to which samples were exposed. A Ni-CrNi thermocouple was attached to the lower part of the leaf 
clip, and its probe was gently placed against the lower surface of the leaf to determine its temperature. 

Table 1 
Input parameter setting of the biochemical module in SCOPE.  

Parameter Values Units Description 

Vcmax,25 40 μmol⋅m− 2⋅s− 1 maximum carboxylation 
capacity @ 25℃ 

Tleaf 30,35,40,45,50 ℃ leaf temperature 
Type C4 – C4 plant 
PARleaf 0–1500 μmol⋅photons⋅m− 2⋅s− 1 net radiation, PAR  
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Fig. 3. The diurnal variations of the PAR received by leaves that were levelled. 
The error bars represent the variances of the measured results at that time. 

Z. Chen et al.                                                                                                                                                                                                                                    



Ecological Indicators 138 (2022) 108842

3

2008). However, RLC still only reflects the photosynthetic physiological 
state of plants at a specific time of day (Belshe et al., 2007). In addition, a 
clip is required to exclude ambient light from the sample during the 
measurement of RLC. Thus, it is difficult to measure RLC curves auto-
matically throughout the day. To strip out the influence of irradiance 
intensity on ΦPSII in monitoring the physiological condition of plants, 
Durako. (2012) suggested obtaining PAM-fluorescence over diurnal 
periods and using the regression slope and y-intercept of ΦPSII versus 

PAR, rather than absolute ΦPSII values, to detect responses of plants to 
stresses. The experimental results of Howarth and Durako (2013) and 
Zha et al. (2017) confirmed that the y-intercept of diurnal ΦPSII-PAR 
regression can serve as a good proxy for Fv/Fm to assess the physiological 
status of plants. These studies indicate that the regression of diurnal 
ΦPSII-PAR is a promising method of physiological assessment with the 
ChlF technique. 

However, the effectiveness of the diurnal ΦPSII-PAR regression 

Fig. 4. Diurnal variations of the ΦPSII and TLeaf values of the control, WD1, WD2, WD3, and WD4 treatments from August 25 to August 30. The error bars represent 
the variances of the measured results at that time. 
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Fig. 5. ΦPSII versus irradiance at the leaf of maize measured during the days of August 3 to August 19 in the control plot. The red dots represent the data measured in 
the morning, and the blue triangles represents the data measured in the afternoon. The solid lines represent the fitted regression equations. RSS represents the root 
mean square error of the regression equation. 
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method in assessing drought stress remains to be evaluated. To study the 
diurnal response of ΦPSII to PAR under different drought stresses, we 
measured diurnal ΦPSII and PAR in maize leaves in a field experiment 
under water control. Additionally, we simulated the variations of ΦPSII 

with different light intensities with a photosynthesis model (Van der Tol 
et al., 2014). The specific objectives of our study were to (1) explore the 
diurnal variations of the response of ΦPSII to PAR under different degrees 
of drought stress and (2) evaluate the effectiveness of the different 
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Fig. 6. ΦPSII versus irradiance of the leaf of maize measured during the days of August 3 to August 19 in WD4. The red dots represent the data measured in the 
morning, and the blue triangles represent the data measured in the afternoon. The solid lines represent the fitted regression equations. 

Fig. 7. The red dots and blue squares represent ΦPSII (a) Tleaf (b) of the WD3 plot on August 13 and August 17, respectively. The hollow dots and the solid dots 
represent the morning (8:00–12:00 local time) and afternoon (13:00–17:00 local time) data, respectively. It should be noted that plot WD3 was under drought stress 
on August 13, while there was no drought stress on August 17. The solid curve in (a) is the variation of ΦPSII obtained through the simulation of the biochemical 
module in the SCOPE. 
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diurnal ΦPSII-PAR regression parameters, including slopes, y-intercepts 
and coefficients of determination (R2), to monitor drought stress. 

2. Materials and methods 

2.1. Experimental scheme 

The study area was located at the Gucheng Meteorological Science 
Research Station, Dingxing County, Baoding City, China (115◦44′36′′E, 
39◦9′26′′N). Maize (Zheng Dan 958) was planted in five 2 × 4 m plots, 
which were isolated from each other and the surrounding soil by 

concrete walls to avoid the exchange of soil moisture. A movable rain 
shelter was placed over these plots to protect against rainfall. In this 
experiment, the maize was sown on June 21, 2019. During the growth of 
maize, the soil moisture of each plot was controlled by artificial irriga-
tion. There were no significant differences in water content among the 
plots during the period from the sowing stage to the growing stage. After 
July 26, we imposed different water deficits on these plots (named 
control, WD1, WD2, WD3, WD4). The soil relative water content 
(SRWC) values and irrigation amounts of each plot are listed in Fig. 1. 
Among them, only the maize in the control plot received an adequate 
water supply throughout the growing season. Thus, the SRWCs and 
irrigation amounts of the control plot were not recorded and are not 
shown in Fig. 1. 

The SRWC values were measured before and after each irrigation to 
evaluate the degree of water stress from July 21 to September 2. Soil 
samples were collected at depths of 5 cm, 10 cm, and 20 cm. Within 10 
min after the soil samples were obtained, we weighed the soil samples 
and determined the weight of the wet soil (Wwet). We then put the soil 
samples in an oven at 105 ◦C and dried for 24 h. After ensuring that all 
water had been completely removed from the soil samples, we weighed 
the dried samples again to obtain the weight of the dry soil (Wdry). The 
SRWC values were calculated using the ratio of the weight moisture 
capacity (WMC) and field water-holding capacity (WHC) of the soil 
according to the drying method (O’Kelly, 2004): 

SRWC = WMC/WHC × 100% (1) 

The value of the optimum WHC was set at 22.7 according to previous 
research (Zhao et al., 2018). The WMC of each soil sample was calcu-
lated by: 

WMC =
(
Wwet − Wdry

)/
Wwet (2) 

The averages of the SRWCs at the 0 ~ 20 cm depths were used in this 
study (Fig. 1). 

2.2. Measurement parameters 

The diurnal variations in ΦPSII, leaf temperature (Tleaf ) and PAR of 
the leaves sampled under different water conditions were measured 
synchronously with a portable PAM fluorometer (PAM-2500, Walz, 
Effeltrich, Germany) every two hours beginning at 8:00 am and ending at 
18:00 pm. During each measurement, 5 ~ 7 blades were randomly 
selected from each plot. The Tleaf and PAR of each sampled leaf were 
measured by a Ni-CrNi thermocouple and a micro photon probe on the 
Leaf-Clip Holder 2030-B of the PAM fluorometer (Fig. 2b), respectively. 

To avoid the influence of shadows, we only sampled the leaves in the 
upper layer of the canopy. Two methods were adopted to measure leaf 
parameters (Fig. 2a). One method maintained the natural attitude of the 
leaf during measurements (Methodnatural) during the period of August 3 
to August 19. Due to differences of orientation, the PAR values of each 
sampled leaf measured by Methodnatural could vary significantly. The 
other method levelled the leaf upwards during measurements 
(Methodleveling) during the period of August 25 to August 30. In addition, 
considering the variations of the incident irradiance during the mea-
surement of each group, we fine-tuned the angle of the leaves to ensure 
that the PAR values of each leaf in a group were close to each other. 
Measurement values were recorded afterthe fluorescence signals 
stabilized. 

ΦPSII was calculated according to (Genty et al. 1989) by the equation 
shown below: 

ΦPSII = (F’m- Ft) /F’m (3)  

where F′
m is the light-adapted maximum fluorescence, Ft is the steady- 

state chlorophyll fluorescence. 

Fig. 8. Relationship between Tleaf and Vcmax simulated by the photosynthesis 
model in SCOPE. 

Fig. 9. The possible responses of plant photosynthesis to drought stress. 
Drought stress caused stomatal closure in leaves (a-b). The closure of the sto-
mata led to excessive Tleaf values (b-c). Excessive Tleaf values caused the sub-
strate saturated Rubisco capacity (Vcmax) to decrease, and the decreases of Vcmax 

decreased ΦPSII (c-d). The linear relationship of ΦPSII-PAR weakened (e). 
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2.3. Simulation of ΦPSII 

In this research, the SCOPE 2.0 (Soil Canopy Observation of Photo-
synthesis and Energy fluxes) model (Yang et al., 2021; Van der Tol et al., 
2009), including a biochemical module that combines the photosyn-
thesis model with the fluorescence model, was used to simulate the 
variations of ΦPSII with light intensity In the biochemical module, the 
values of ΦPSII for C4 crops can be calculated through the fraction of 
absorbed photosynthetically active radiation (fPAR) and the gross 
assimilation rate (A), which is the minimum of three potential capac-
ities: the light-limited assimilation rate (AE), the Rubisco-limited rate 
(Ac), and the rate imposed by sucrose synthesis (AS) (Collatz et al., 1991; 
Collatz et al., 1992). The details of the specific calculations can be found 
in (Van der Tol et al., 2014). In the calculation of Ac, substrate saturated 
Rubisco capacity (Vcmax) is the key parameter. Under natural conditions, 
the influence of Vcmax depends mainly on chlorophyll content and Tleaf 

(Grassi et al. 2005). Since the diurnal variation of chlorophyll content is 
usually relatively small, it can be ignored. Therefore, in this study, we 
only simulated the change of Vcmax with Tleaf using the following formula 
(Collatz et al., 1992; Porcar-Castell et al., 2014): 

Vcmax =
exp

[
0.0742

(
Tleaf − 25

)]

(
1 + exp

[
0.3

(
Tleaf − 35

) ] )(
1 + exp

[
0.2

(
8 − Tleaf

)])Vcmax,25 (4)  

where Vcmax,25 is the maximum carboxylation capacity at 25℃. For un-
stressed leaves of maize, Vcmax,25 was approximately 40 μmol⋅m− 2⋅s− 1 

(Collatz et al., 1992). In this study, the parameter Vcmax,25 of maize in the 
growth stage was not obtained, and 40 μmol⋅m− 2⋅s− 1 was used in the 
simulation. Generally, fPAR of leaves is in the range of 0.8 to 0.9 (Pearcy 
and Yang, 1996). In SCOPE 2.0, the default setting for fPAR was 0.83, so 
we used that value. The settings of the other parameters in the simula-
tion are shown in Table 1. 

2.4. Data processing and statistical analysis 

Raw data were processed using the PamWin-3 software 
(https://www.walz.com/). Values of ΦPSII under 0 (nondimensional) were 
considered abnormal and were removed from the dataset. The scatter 
plots of ΦPSII with PAR during the day were fitted based on the following 
formula (Durako, 2012; Howarth and Durako, 2013): 

ΦPSII = a × PAR+ b (5) 

The diurnal data points in the regression ranged from August 3 to 
August 19. The regression slopes and y-intercepts of the diurnal 
ΦPSII-PAR relationship were used to examine the diurnal physiological 
variations of maize in response to changes in soil moisture conditions. 

Meanwhile, the coefficient of determination (R2) values were 
calculated using Equation (6): 

R2 = 1 −
∑n

i=1(yi − ŷi)
2

∑n
i=1(yi − y)2 (6)  

where n represents the number of leaves sampled in each plot in a day. y 
denotes the average of the observations and ŷi is the prediction of yi 

using the fitted model in Equation (6). 

3. Results 

3.1. Diurnal variations of ΦPSII obtained through Methodlevelling 

In the Methodlevelling experiments, because the incoming irradiances of 
leaves from all plots at each sample time were approximately equal, the 
anomalies of ΦPSII and Tleaf caused by drought stress could be directly 
shown by their diurnal variation curves. Because the sky was clear 
during the experiments, the diurnal variation curves of the irradiance 
intensity were close to a symmetrical cosine curve (Fig. 3). Accordingly, 

the diurnal variation curves of ΦPSII and Tleaf of the leaves under no 
water stress were approximately concave and convex symmetrical 
curves, respectively (Fig. 4a, d). However, under drought stress, the 
diurnal variation curves of ΦPSII and Tleaf became asymmetrical (Fig. 4 c, 
f). In the morning, the values of ΦPSII and Tleaf of the different water- 
treated plots were similar. However, at noon and in the early after-
noon, under drought stress, the ΦPSII values became significantly smaller 
than those not under stress. And the Tleaf values became significantly 
higher than those not under stress. After rewatering, the curve shapes 
and the magnitudes of the diurnal ΦPSII and Tleaf values of plot WD1 
recovered (Fig. 4 c, f). 

3.2. Diurnal variations of ΦPSII obtained through Methodnatural 

During the period of August 3 to 19, the diurnal variations of ΦPSII 
were obtained using Methodnatural. In contrast to the results of 
Methodlevelling, although the light intensity changed little during each 
sampling time, the PAR values measured from each sampled leaf were 
significantly different because of the different leaf postures. Therefore, 
the diurnal curves of ΦPSII measured by the Methodnatural fluctuated in an 
irregular manner. Nevertheless, we found differences caused by drought 
stress through the scatter plot of ΦPSII with PAR (Figs. 5, 6). 

Under no water stress, the diurnal ΦPSII and PAR characteristics of 
the control plot were negatively linearly correlated with high signifi-
cance (Fig. 5). The R2 values ranged from 0.83 to 0.92 (Fig. 5; Fig. A1-a). 
The regression y-intercepts and slopes were also stable at approximately 
0.7 and − 3.36 × 10-4, respectively (Fig. 5; Fig. A2 -a). In addition, when 
the irradiance intensities were similar, the ΦPSII values in the morning 
(8:00–12:00 local time) were similar to those in the afternoon 
(13:00–17:00 local time). 

As drought stress increased, the significance of the linear correlation 
between diurnal ΦPSII-PAR gradually weakened. For example, after 
irrigation in the evening (21:00 local time) of August 3, the R2 of the 
diurnal ΦPSII-PAR regressions of the WD4 plot increased from 0.54 on 
August 3 to 0.87 on August 6 (Fig. 6a, b). During the period of August 9 
to August 13, the values of the y-intercepts, slopes and R2 remained 
stable and were similar to those of the well-watered control plot (Fig. 6b, 
c, d). Then, with the aggravation of the drought stress, the slopes and y- 
intercepts gradually decreased. In addition, the ΦPSII values in the 
morning (8:00–12:00 local time) were obviously larger than those in the 
afternoon (13:00–17:00 local time) under similar irradiance. Thus, the 
R2 values sharply decreased from the maximum value of 0.88 to the 
minimum value of 0.05 (Fig. 6c-h). The results of the WD1, WD2 and 
WD3 plots were similar to those of the WD4 plot (Figs. A1, A2). Mean-
while, we examined the relationship between the linear regression co-
efficients (R2, slope and y-intercept) of diurnal ΦPSII-PAR regression and 
SRWC (Fig. A3). Compared with slope and y-intercept, R2 of diurnal 
ΦPSII-PAR regression had a stronger linear correlation with SRWC (R2 =

0.98, p < 0.05). 

3.3. Simulation of ΦPSII 

The simulation results of the photosynthesis model show that the 
shape of the response curves of ΦPSII to PAR varied significantly with 
Tleaf (Fig. 7a). When Tleaf was approximately 32 ◦C, the value of Vcmax 

was the highest (Fig. 8), and the value of ΦPSII decreased at an approx-
imately constant slope as the PAR increased. Therefore, ΦPSII and PAR 
were approximately linearly related under this condition (Fig. 7a). 
However, if the leaf temperature exceeded the optimum temperature, 
Vcmax decreased rapidly (Fig. 8). This led to two results: 1) The irradiance 
intensity at the transition point from the light-limiting stage to the 
Rubisco-limiting stage decreased (Fig. A4); 2) The ΦPSII-PAR curve of the 
Rubisco limiting stage, in which the gross assimilation increased at a 
slow rate or remained constant, became a reciprocal function curve with 
first a rapid decline and then a slow decline. Therefore, when Tleaf was 
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higher than 35 ◦C, the curvature of the ΦPSII-PAR curves increased, and 
the linear correlation between ΦPSII and PAR gradually weakened 
(Fig. 7a). 

To analyze the relationship between the diurnal ΦPSII-PAR pattern 
and Tleaf , the morning and afternoon measurements of ΦPSII, PAR and 
Tleaf in the WD3 plot under different drought stresses are compared in 
Fig. 7. During the drought (August 13) stress, the morning points and the 
afternoon points are separated markedly in the ΦPSII-PAR scatter plot. 
The morning points were concentrated between the simulated curves of 
40 ◦C and 45 ◦C, while the afternoon points were concentrated below the 
simulated curve of 45 ◦C. Correspondingly, the Tleaf measured in the 
morning was generally lower than that in the afternoon. After rehy-
dration (August 17), the morning points and afternoon points in the 
scatter plot of ΦPSII-PAR were mainly concentrated around the simulated 
curve of 40 ◦C, with no significant differences. At this time, there were 
no significant differences between the measured Tleaf in the morning and 
afternoon, and most of them remained below 42.5 ◦C. Therefore, both 
the measured data and simulation results indicated that Tleaf played an 
important role in regulating the response of ΦPSII to PAR. 

4. Discussion 

4.1. Diurnal linearity of the ΦPSII-PAR 

To solve the problem that ΦPSII is sensitive to specific irradiance 
conditions during sampling, Durako (2012) proposed the ΦPSII-PAR 
regression approach to integrating the diurnal variations of light into 
physiological analysis and suggested using the intercepts and slopes of 
the regression as indicators to evaluate the health of the vegetation. The 
feasibility of this method in detecting maize drought was investigated in 
this study. Our results show that the diurnal variations of plant physi-
ology under drought stress will inevitably induce the weakening of the 
linear correlation of diurnal ΦPSII-PAR. Therefore, we propose that the 
significance of the linear correlation can be used as a more reliable in-
dicator for drought evaluation. 

Our experimental and simulation results show that under conditions 
of sufficient water, there was a strong negative linear correlation be-
tween the diurnal ΦPSII and PAR. The correlation was obvious in the 
scatter plot ΦPSII and PAR obtained by Methodnatural (Fig. 5). Regarding 
the results of Methodlevelling, this correlation represents the symmetry of 
the diurnal ΦPSII curves when the sky was clear (Fig. 4a). The simulation 
results of the photosynthesis model show that when leaf temperature 
was suitable, the relationship between ΦPSII and PAR had an approxi-
mately linear negative correlation (Fig. 7a). Without drought stress, 
transpiration with high stomatal conductance can keep the leaf tem-
perature in a suitable range (Flexas et al., 2004; Grassi et al., 2005; 
Koerber et al., 2012), which was confirmed by our experimental data 
(Fig. 4d, e, f; Fig. 7b). Thus, the simulation results also indirectly indi-
cate that, when not under drought stress, the diurnal ΦPSII and PAR 
values will be approximately linearly correlated. 

When drought stress occurred, the linear relationship of ΦPSII-PAR 
weakened. The scatter plot of ΦPSII-PAR obtained by Methodnatural 
became discrete, and the linear correlations of diurnal ΦPSII-PAR re-
gressions became low (Fig. 6g, h). In the result of Methodlevelling, the 
diurnal variation curves of ΦPSII became asymmetrical even though the 
diurnal variation curves of PAR were symmetrical (Fig. 4b), which 
indicated that the correlations of the diurnal ΦPSII-PAR regressions 
decreased. The results simulated by the photosynthesis model show that 
under drought stress, the decrease in the linear correlation of diurnal 
ΦPSII-PAR regressions may be caused mainly by the following two rea-
sons. 1) under drought stress conditions, closing of the stomata reduces 
evaporative cooling (Pallas et al., 1967; Kirschbaum, 1988; Fig. 9a, b) 
and Tleaf increases (Fig. 4d, e, f; Fig. 9c). Excessive Tleaf not only caused 
Vcmax to sharply decrease (Fig. 9d) but it also decreased the transition 
point between the light limitation state and the Rubisco saturation 

limitation state (Vongcharoen et al., 2019; Fig. 3b). Thus, under a high 
Tleaf , the ΦPSII-PAR relationship changed from linear to nonlinear 
(Fig. 7a). 2) Under drought stress, the differences of Tleaf increased 
during the daytime. In the morning, the differences of Tleaf between 
drought stress and no drought stress were small. These differences 
increased gradually and peaked at noon and in the early afternoon 
(Fig. 4f). It should be noted that stomatal closure due to water stress will 
not only increase Tleaf but also decrease the availability of CO2. Both are 
likely to impinge on photosynthetic CO₂ fixation and reduce ΦPSII. 
However, because the CO2-concentrating mechanism is capable of 
saturating C4 photosynthesis under relatively low intercellular CO2 
concentrations (Ghannoum 2009), CO2 availability tends to have a 
smaller effect on the photosynthetic rate of C4 plants (such as maize) 
than temperature (Lal and Edwards, 1996). This may be the reason why 
the measured values of ΦPSII at noon and early afternoon during water 
stress were just slightly lower than the simulated values considering only 
the Tleaf (Fig. 7). 

The differences of Tleaf in a day may be caused by the light history 
(Müller et al., 2001), the diurnal variations of the soil water supply 
capacity and the leaf water potential (Oliver et al., 2010). Therefore, in 
the morning, the values of ΦPSII were high and were approximately 
linearly negatively correlated with PAR. At noon and in the early af-
ternoon, the values of ΦPSII significantly decreased and became non-
linearly related to PAR (Fig. 9e, f). With the aggravation of drought 
stress, the scatter plots of diurnal ΦPSII-PAR became increasingly more 
discrete (Fig. 6e, f, g, h). 

4.2. Drought stress detection 

Based on the ΦPSII-PAR regression approach, Durako. (2012) pro-
posed using the slopes and y-intercepts of the regressions as physio-
logical indicators. The experiments on a desert shrub species verified the 
high correlations between the y-intercepts of the diurnal ΦPSII-PAR re-
gressions and Fv/Fm on a diurnal scale (Zha et al. 2017). Our results show 
that the y-intercepts and slopes could reflect the evolution of drought on 
a diurnal scale in many cases (Fig. 7) because drought stress caused the 
values of ΦPSII to decrease and become less sensitive to high irradiance. 
However, the application of the y-intercept and slope will not be vali-
dated in the following cases. 1) Under drought stress, the significant and 
negative linear relationship of ΦPSII-PAR will weaken or even no longer 
hold true (see for example Fig. 7h). Thus, the estimations of the in-
tercepts and slopes are unreliable to reflect the degree of drought stress. 
2) When most observation points are obtained under low irradiance, the 
y-intercepts of the diurnal ΦPSII-PAR regressions under drought stress 
will still not decrease (see for example Fig. 7a). Therefore, there are 
some limitations in the application of the y-intercepts and slopes of the 
diurnal ΦPSII-PAR regressions to evaluate the degree of drought stress 
(Fig. A3). 

The results show that drought stress led to a gradual transformation 
of the diurnal ΦPSII-PAR relationship from a significantly linear rela-
tionship to a nonlinear relationship. And the R2 of diurnal ΦPSII-PAR 
regression exhibited a strong linear correlation with SRWC (Fig. A3). 
This suggests that we can use the strength of the linearity of the 
ΦPSII-PAR relationship to evaluate the degree of drought (Fig. 7). 
Therefore, we propose to use the R2 of the diurnal ΦPSII-PAR regression 
as a drought stress indicator. The results for sea grass given by Durako. 
(2012) also show that the R2 values of the ΦPSII-PAR regressions 
decreased under environmental stress. This indicates that the method 
proposed in this paper may be applicable to detect the stress of other 
types of vegetation. However, more studies on different type plants 
(especially C3 vegetation) are necessary to verify the applicability of this 
method. 
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5. Conclusions 

In this study, we revealed that the linearity of the diurnal ΦPSII-PAR 
decreased under drought stress and proposed a more reliable indicator 
to detect drought stress on the leaf scale. Since ΦPSII and PAR can already 
be automatically observed in the field as a result of the development of 
observation technology (for example, Monitoring-PAM) (Porcar-Castell 
et al., 2008), the proposed method will make it possible to use chloro-
phyll fluorescence technology to automatically monitor crop drought 
stress in the field. 
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Appendix 

. 

Fig. A1. Regression Coefficient between ΦPSII and PAR during August 3 to August 19 of control (a), WD1 (b), WD2 (c), WD3 (d), WD4 (e). The horizontal dotted line 
is the mean value of diurnal regression R2 of ΦPSII versus PAR in E-1 plot. The blue vertical dotted line indicates that the plot was rewatered that night. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. A2. The y-intercept (Red Triangle) and 
slope (Black Square) of diurnal ΦPSII-PAR 
relationship from August 3 to August 19 for 
(a) plot control, (b) plot WD1, (c) plot WD2, 
(d) plot WD3 and (e) plot WD4. The blue 
vertical dotted line indicates that the plot 
was rewatered that night. The horizontal red 
and black dotted lines are the mean value of 
diurnal regression y-intercept and slope of 
ΦPSII versus PAR in control plot respectively. 
(For interpretation of the references to colour 
in this figure legend, the reader is referred to 
the web version of this article.)   

Fig. A3. The relationship between SRWC and the regression coefficients (R2, y- 
intercept and slop) of diurnal ΦPSII-PAR. Red squares, blue dots, and black 
triangles represent R2, y-intercept, and slope changes with SRWC, respectively. 
R2

ΦPSII − PAR represents the R2 of diurnal ΦPSII-PAR regression. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. A4. A (net CO2 assimilation) changes with PAR at different Tleaf (30, 35, 
40, 45, 50 ◦C) through the simulation of the biochemical modular in SCOPE 
model. The transition points between the light-limited state and the rubisco- 
limited state at each Tleaf level were marked in this plot. 
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