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Abstract 
 

The rectangular hyperbola (RH), Mitscherlich (M) and YE equation were applied to describe the photosynthetic light 
response (PLR) curves measured from rice leaves with different SPAD values, to reveal the relationship between SPAD 
values and parameters in different equations, and to establish the modified PLR equations. The parameters in PLR equations 
are largely varied. SPAD value, as an indicator of leaf N contents, was highly correlated to the parameter of Pnmax in RH, M 
and YE equations. Incorporating the factor SPAD into PLR equations, the modified equations (MRH, MM, and MYE) were 
established which were feasible to describing the PLR curves for leaves with different SPAD values using the identical 
parameters for the ten PLR curves as a whole, and perform much better than the general PLR equations (GRH, GM, and 
GYE). It indicated that incorporating easy available indicators of leaf physiological and morphological traits in the PLR 
equations, such as SPAD as an indicator of leaf N or Chlorophyll contents, is an easy way to overcome the shortcoming of 
parameters variation in PLR equations between individuals of the same specie growing in different environments. Further 
validation should be done for different crops with both SPAD and other possible factors.  
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Introduction 
 

Several photosynthetic light response (PLR) 
equations have been used by plant physiologists to 
describe the relationship between leaf net photosynthetic 
rate (Pn) and the available photosynthetic photon flux 
density (PPFD), such as rectangular hyperbola (RH), 
nonrectangular hyperbola (NRH), Mitscherlich (M), and 
YE equations (Marshall & Biscoe, 1980; Thornley, 1998; 
Ye, 2007; Lachapelle & Shipley, 2012; Zheng et al., 2012). 
One shared flaw is the PLR parameters in these equations 
are always leaf specific or environment specific, which 
varied greatly between both species and individuals of the 
same specie growing in different environments (Lambers 
et al., 1998; Lachapelle & Shipley, 2012). The reason is 
that the leaf photosynthetic capability is influenced by its 
physiological and morphological traits which were 
changed greatly among the crop species and the growth 
environments (Wright et al., 2004; Kattge et al., 2011; 
Hammad et al., 2013). For example, parameters in PLR 
equations were frequently found to be highly related to the 
leaf Chlorophyll (Chl) contents, nitrogen (N) contents, 
water status, light condition, leaf age and specific leaf 
mass (Leverenz, 1987; Evans, 1989; Stirling et al., 1994; 
Prado & Moraes, 1997; Rosati, et al., 1999; Milroy & 
Bange, 2003; Givnish et al., 2004; Marshall & Proctor, 
2004; Quero et al., 2008; Zhang et al., 2008; Akhkha, 
2010; Prieto et al., 2010; Lachapelle & Shipley, 2012; 
Chiarawipa et al., 2012). Recently, researchers tried to 
predict leaf PLR parameters using regression to leaf 
physiological and morphological traits (Marino et al., 
2010; Lachapelle & Shipley, 2012; Calama et al., 2013).  

Leaf N content is one of the most important factors 
linking with leaf photosynthetic capability. It has been 
used for predicting PLR parameters by Marino et al. (2010) 
and Lachapelle & Shipley (2012). The measurement of 
leaf N content is always destructive and time-consuming, 
the SPAD value was adopted as a popular indicator of leaf 

greenness, leaf Chl and N contents (Peng et al., 1996; Loh 
et al., 2002; Uddling et al., 2007; Ling et al., 2011; Liu et 
al., 2012), which can be measured easily and 
non-destructively by the commercially available 
equipment of SPAD-502 meter. Our recent research found 
that SPAD values were linearly correlated to the 
coefficients of initial slope of the PLR curve (α) and 
maximum photosynthetic rate (Pnmax) in the NRH equation. 
The SPAD-modified NRH equation established in our 
recent studies by incorporating the SPAD into the NRH 
equation performed acceptable on rice leaves with 
different SPAD values (Xu et al., 2014). But if this idea is 
applicable to other PLR equations, such as RH, M and YE 
equations, is still unknown. The objectives of this research 
are to evaluate the variation of parameters in RH, M and 
YE equations and its relationship to SPAD values, and to 
test the performance of the modified PLR equations 
established by incorporating SPAD values into the PLR 
equations on rice leaves with different SPAD values.  
 
Materials and Method 
 
Data collection: Ten PLR curves measured by using an 
LC Pro+ photosynthesis system (ADC BioScientific, 
England) at 16 PPFD levels (2,000, 1,950, 1,900, 1,800, 
1,600, 1,400, 1,200, 1,000, 800, 600, 400, 200, 150, 100, 
50 and 0 μmol photon m-2 s-1) from full expanded healthy 
rice leaves under both high and low nitrogen treatments 
were collected, as well as the corresponding leaf SPAD 
values measured by using the SPAD-502 (Konica Minolta, 
Japan). Details about the treatments and measurement can 
be found in the reference (Xu et al., 2014).  
 
PLR equations and modification: The formulae and 
parameters of the three PLR equations, namely RH, M and 
YE, are listed in Table 1. For each of the ten PLR curve, 
parameters in RH, M, and YE equations were determined 
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by non-linear least-square fitting with the 
Levenberg-Marquardt algorithm. The general PLR 
equations were also established by non-linear regression 
over the whole data set of the ten PLR curves. Then, 
correlations between the parameters of different equations 
and leaf SPAD values were determined. Based on the 
correlations between parameters of different equations and 
leaf SPAD values, a linear correction factor (f(SPAD) = 
β× SPAD) was incorporated into each PLR equation to 
establish the modified PLR equations (namely MRH, MM, 
and MYE equations) (as listed in Table 1).  
 
Statistics: Parameters in each PLR equation for each PLR 
curve were determined by non-linear least-square fitting, 
as well as the parameters in the general PLR equations and 
the modified equations for all the ten PLR curves. For 
variation analysis of PLR equation parameters, standard 
error (SDE) and coefficient of variation (CV) were 
calculated. Correlations between PLR equation parameters 
and SPAD values were determined. Root mean square 
error (RMSE) of Pn was calculated for evaluation of 
different equations. The performance of the modified PLR 
equations was also compared with the performance of 
general PLR equations. 
 
Results 
 
Performance of different PLR equations: Parameters 
and performance of different PLR equations for leaves 
with different SPAD values are listed in Table 2. It is 
clear that RH, M and YE equations performed well for 

each individual leaf. The RMSEs of Pn calculated by 
RH, M and YE equations fell in the range of 
0.291-0.786, 0.168-0.361 and 0.185-0.381 μmol CO2 
m-2 s-1, with average of 0.474, 0.283 and 0.285 μmol 
CO2 m-2 s-1. The M and Ye equations performed a little 
better than RH equation for different individual leaf. 
The parameters in RH, M and YE equations were 
largely varied. The lowest CV was found for parameter 
of Pnmax in M and RH equations, 12.4% and 12.6%. The 
highest CV (37.8%) was found for parameter of ε in YE 
equation. Thus, the large variation of parameters for RH, 
M and YE equations was confirmed between individual 
rice leaves with different leaf SPAD values. That led to 
poor performance of the general PLR equations for the 
ten PLR curves as a whole. The RMSEs were 1.88, 1.87 
and 1.85 μmol CO2 m-2 s-1, when the Pn were calculated 
by general equations of RH, M and YE.  
 
Correlations between equation parameters and leaf 
SPAD values: Scatter plots and correlation coefficients 
between the parameters in RH, M and YE equations and 
leaf SPAD values are plotted in Figures 1 and 2. For RH 
and M equations, correlation was significant between 
parameter Pnmax and SPAD, but insignificant for 
parameters of α, Rd, qLCP and LCP. For YE equation, all 
the four parameters, α, Rd, ε and γ, were insignificantly 
related to the SPAD values. Since ε and γ in YE equation 
were characterized as the parameters without physical 
meaning, saturation irradiance Im and Pnmax were 
calculated as: 
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Table 1. Formulas and parameters for rectangular hyperbola (RH), nonrectangular hyperbola (NRH), 
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I is PPFD, μmol photon m-2 s-1; Pnmax is 
maximum net photosynthesis rate, μmol CO2
m-2 s-1; Rd is the dark respiration, μmol CO2 m-2

s-1; α is the initial slope of the PLR curve, 
μmol CO2 μmol-1 photons; ε and γ are 
coefficients. LCP is light compensation point, 
μmol photon m-2 s-1; qLCP is apparent quantum 
yield at compensation point, μmol CO2 μmol-1

photons; β is the coefficient; SPAD is the leaf 
SPAD value 

 
Regressions between SPAD and parameters were Im 

= 22.855 SPAD + 1218.5 (R² = 0.0337) and Pnmax = 0.491 
SPAD - 2.0917 (R² = 0.6496, p < 0.05). When it comes to 
the NRH equation, correlations were significant between 
SPAD and parameters of Pnmax and α, but insignificant for 
parameters of θ and Rd (Xu et al., 2014). Thus, SPAD is 

significantly positively related to the parameter Pnmax of 
all the four PLR equations (Pnmax calculated from 
parameters of YE equation), but SPAD is insignificantly 
related to other parameters in the PLR equations except 
for the parameter α in NRH equation (Xu et al., 2014).  



IMPROVE PLR EQUATIONS PERFORMANCE WITH SPAD VALUE 

 

879

 

Table 2. Parameters and performance of different photosynthetic light response equation. 
RH M YE 

Parameters Parameters Parameters SPAD 
Α Pnmax Rd RMSE Pnmax qLCP LCP RMSE α ε γ Rd RMSE

49.50 0.0714 30.96 1.94 0.786 23.18 0.0506 26.84 0.361 0.0522 0.000157 0.00101 1.25 0.360 
49.11 0.0656 29.38 1.83 0.608 21.93 0.0466 26.94 0.313 0.0522 0.000115 0.00126 1.36 0.381 
46.17 0.0383 28.17 1.15 0.410 20.23 0.0298 26.49 0.358 0.0327 0.000096 0.00083 0.89 0.352 
49.14 0.0481 27.15 1.12 0.323 20.30 0.0356 17.07 0.326 0.0440 0.000047 0.00142 0.96 0.293 
42.35 0.0589 26.02 1.82 0.406 19.29 0.0407 30.55 0.168 0.0477 0.000101 0.00137 1.44 0.201 
40.23 0.0419 25.86 1.29 0.484 18.83 0.0315 28.38 0.274 0.0302 0.000179 0.00055 0.71 0.185 
43.4 0.0607 27.2 1.32 0.518 20.72 0.0434 17.48 0.240 0.0469 0.000126 0.00116 0.80 0.250 
40.14 0.0427 19.49 0.97 0.291 14.82 0.0302 16.95 0.282 0.0383 0.000055 0.00169 0.81 0.256 
49.17 0.0512 32.19 1.15 0.407 23.84 0.0392 16.78 0.281 0.0436 0.000091 0.00100 0.82 0.293 
41.54 0.0588 28.17 1.54 0.509 21.07 0.0424 23.89 0.223 0.0468 0.000116 0.00116 1.09 0.281 
MAX 0.0714 32.19 1.94 - 23.84 0.0506 26.94 - 0.0522 0.000179 0.00169 1.44 - 
MIN 0.0383 19.49 0.97 - 14.82 0.0298 16.78 - 0.0302 0.000055 0.00055 0.80 - 
SDE 0.0111 3.46 0.35 - 2.52 0.0071 5.47 - 0.00756 0.000041 0.00032 0.26 - 
CV 20.6% 12.6% 24.8% - 12.4% 18.2% 23.6% - 17.4% 37.8% 28.3% 25.4% - 

General 0.0537 27.29 1.43 1.88 20.34 0.0391 23.52 1.85 0.0434 0.000111 0.00112 1.02 1.85 
0.0568 30.45 1.10 23.86 0.0459 23.69 0.0469 0.000118 0.00105 0.863Modified β= 0.0199 1.51 β= 0.0189 1.44 β= 0.0199 1.45 

 

 
 

Fig. 1. Scatter plots between parameters in rectangular hyperbola (RH), Mitscherlich (M),  and YE equations and leaf SPAD values. (�

indicates the linear regression is significant at p<0.05). 
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Fig. 2. Correlations between parameters in rectangular hyperbola 
(RH), nonrectangular hyperbola (NRH), Mitscherlich (M) and 
YE equations and leaf SPAD values. (* indicate the correlations 
coefficient R is significant at p<0.05; The correlation between 
SPAD and parameters in NRH equation is cited from reference 
(Xu et al., 2014)).  

Modification of PLR equations: The modified equations, 
MRH, MM, and MYE, were established by incorporating 
a linear correcting factor (β× SPAD). The parameters are 
listed in Table 2. The values of β for MRH, MM, and MYE, 
were 0.0199, 0.0189, and 0.0199. The reverse values of β 
in all the three modified equations are higher than the 
maximum value of SPAD for the ten leaves (49.5). It 
means the correcting factor of β× SPAD is always lower 
than 1.0, which implies that leaf without N deficit has high 
photosynthetic capability, reduced SPAD lead to a lower 
value of correcting factor β× SPAD. Other parameters in 
the modified equations were different from the average 
value of the correspondence parameter of the ten values 
for specific leaf. The RMSE of the Pn, calculated by the 
MRH, MM, and MYE equations, were 1.44, 1.39 and 1.34 
μmol CO2 m-2 s-1, much lower than the RMSE of Pn 
calculated by the general equations of GRH, GM, and 
GYE. Scatter plots (Fig. 3) indicated that the Pn, calculated 
by the modified equations were more close to the observed 
than those by the general equations, especially when the Pn 
was larger than 10 μmol CO2 m-2 s-1 (correspondingly 
PPFD > 400μmol photon m-2 s-1).  

 

 
 
Fig. 3. Observed versus predicted net photosynthetic rates Pn calculated by different photosynthetic light response equation PLR 
equations. (MRH, MM and MYE denote the modified rectangular hyperbola, modified Mitscherlich, and modified YE equations. GRH, 
GM and GYE denote the general rectangular hyperbola, general Mitscherlich, and general YE equations). 
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Discussion 
 
Leaf with different SPAD values has different values of 

parameters in the typical PLR equations. It confirmed that 
parameters in the typical PLR equations are largely varied 
between individual leaves growing in different environments 
(Lambers et al., 1998; Lachapelle & Shipley, 2012). The 
SPAD value has been tested be a useful indicator of leaf N 
contents, which was positively linearly correlated to the 
parameter of Pnmax and α in the NRH equation (Xu et al., 
2014). In current paper, the SPAD value was also positively 
linearly correlated to the parameter of Pnmax in the RH, M and 
YE equations (Figs. 1 and 2). But Marino et al. (2010) and 
Lachapelle & Shipley (2012) reported a log-linear 
relationship between coefficients of Mitscherlich or 
Michaelis-Menten PLR equations and leaf N contents and 
specific leaf mass. Thus, it is believed that the linear 
correcting factor of β× SPAD (as listed in Table 1) should be 
further validated using more PLR curves measured under the 
conditions of a large varied degree of N deficit, due to the 
high value of SPAD (from 40.14 to 49.50) in current research 
and the nonlinear relation between SPAD values and leaf N 
or Chl contents was sometimes reported by Uddling et al. 
(2007) and Liu et al. (2012). 

Incorporating the linear correcting factor of β× SPAD 
into the typical PLR equations, the modified equations 
(MRH, MM, and MYE) were established, which was 
feasible to describing the PLR curves for leaves with 
different SPAD values with unified parameters, and 
performed better than the general PLR equations (GRH, 
GM, and GYE) (Fig. 3). The current method is similar to 
the two-steps method presented by Marino et al. (2010), 
Lachapelle & Shipley (2012), and Calama et al. (2013), 
who predicted the parameters in PLR equations based on 
the regressions to leaf traits and calculated Pn by different 
PLR equations with the predicted parameters. The current 
research just combined the two steps together into a single 
formula for each equation. Furthermore, this research used 
the values of SPAD which can be measured easily and 
non-destructively as the substitute of leaf N contents or 
leaf Chlorophyll contents.  

Based on the current and other relevant researches 
(Marino et al., 2010; Lachapelle & Shipley, 2012; Calama 
et al., 2013; Xu et al., 2014), we would like deduced that 
incorporating the factor of leaf physiological and 
morphological traits which are highly correlated with the 
leaf photosynthetic capability, is a reasonable and feasible 
way to present new method to overcome the shortcoming of 
parameters variation in PLR equations between individuals 
of the same specie growing in different environment. 
According to current research, the easy available substitute 
of the leaf physiological and morphological traits was 
preferred being used in the different PLR equations. As an 
easy available substitute of leaf N contents or leaf Chl 
contents, SPAD was testified can be used as an indicator of 
leaf N or Chl contents in the modification of different PLR 
equations, but the current research were carried out with 
other factors almost the same. Assuming crop leaf 
photosynthetic capability are also influenced by factors 
other than leaf N or Chl contents, such as water status, light 
condition, leaf age and leaf thickness, the same idea should 
be validated for many other factors related to leaf 
photosynthetic capability.  

Conclusions 
 
Parameters in the RH, M and YE equations varied 

greatly between rice leaves with different SPAD values, 
with parameter Pnmax positively linearly correlated to the 
SPAD values. Incorporating the linear correcting factor of 
β× SPAD into the PLR equations, the modified equations 
(MRH, MM, and MYE) were established which was 
feasible to describing the PLR curves for leaf with 
different SPAD values with the unified parameters, and 
perform better than the general PLR equations (GRH, GM, 
and GYE). It indicated that incorporating easy available 
indicators of leaf physiological and morphological traits 
into the PLR equations, such as SPAD as an indicator of 
leaf N or Chl contents, is an easy way to overcome the 
shortcoming of parameters variation in PLR equations 
between individual leaves of the same specie growing in 
different environments. Further validation should be done 
for different crops and many other factors related to leaf 
photosynthetic capability.  
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