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Abstract
The photosynthetic rates of leaves depend on the vertical position and cultivation conditions. However, few models have been 
proposed to express photosynthesis according to leaf position, and there was a lack of quantitative analysis between physi-
ological indicators and model parameters. The objectives of this study were to analyze the leaf photosynthetic characteristics 
of paprika plants according to leaf vertical position using photosynthesis models, and to analyze the relationship between 
the total nitrogen content and the photosynthetic model parameters. Leaf photosynthetic rates at different vertical positions 
were measured under varying light intensities and  CO2 concentrations in triplicate. Rectangular hyperbola and FvCB (Far-
quhar, von Caemmerer, and Berry) models were selected, calibrated, and validated as multivariable photosynthesis models. 
Total nitrogen contents and SPAD values were measured at each leaf position and the coefficients of the photosynthetic rate 
models were compared. The  R2 values for the rectangular hyperbola and FvCB models were 0.86 and 0.91, and the RMSE 
values were 4.651 and 2.104, respectively. Total nitrogen content linearly increased with increasing vertical leaf position and 
it was linearly related to the maximum carboxylation capacity and maximum electron transport rate, estimated in the FvCB 
model. In this study, the FvCB model was considered more suitable for expressing the relationship between total nitrogen 
contents and plant’s physiological responses according to the vertical position of leaves. The vertical leaf photosynthetic 
rate models established in this study will contribute to determining optimal environmental conditions for maximizing crop 
photosynthesis and establish the criteria for precise  CO2 enrichment in greenhouses.
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1 Introduction

The photosynthetic rates of leaves depend on the vertical 
position and cultivation conditions. In order to estimate the 
overall photosynthetic response of a crop, it is important 
to understand how different photosynthetic characteristics 
depend on the vertical position (Jung et al. 2018). The light 
intensities at the bottom of densely-planted crops are greatly 
reduced by shading effects among adjacent plants (Chen 

et al. 1999). A decrease in light intensity will impair crop 
growth and consequently reduce the photosynthetic rate and 
crop production (Aminifard et al. 2012). In addition, nutri-
ent and pigment contents such as nitrogen and chlorophyll 
affects the photosynthesis of crops. In order to increase the 
production of fruit vegetable crops, quantitative methods for 
assessing crop photosynthesis under various environmental 
and physiological conditions are necessary. Recently, mod-
eling technique has attracted attention as a method to quan-
tify environmental factors affecting photosynthesis (Medina-
Ruíz et al. 2011; Noe and Giersch 2004).

In the past, simple photosynthesis models using a single 
variable were widely used, but recently, the use of complex 
multivariate models are increasing. Typically, simple mul-
tiplication models were used to quantify the photosynthetic 
rate for a single environmental factor (Jones et al. 1991; Park 
et al. 2016), but these models do not reflect the physiological 
characteristics, such as electron transfer rates of crops. This 
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has led to an increasing demand for improved models. Rec-
tangular hyperbola or negative exponential model has been 
mainly used to express photosynthetic rates for light inten-
sity and  CO2 concentration (Baker and Allen 1993; Valla-
dares et al. 1997; Thornley 1974) developed a simple model 
reflecting the chemical reactions that occur in light and dark 
reactions of photosynthesis. The Farquhar, von Caemmerer, 
and Berry model (FvCB model) is the most widely used 
in recent years (Farquhar et al. 1980; Yin et al. 2009). The 
FvCB model uses complex expressions corresponding to the 
physiological response of crops, but is considered to be the 
most suitable for determining changes in photosynthetic rate 
due to various environmental factors (Kim et al. 2016; Qian 
et al. 2012). Previous studies have identified photosynthesis 
changes with leaf age (Constable and Rawson 1980), but 
using leaf position is practically convenient because paprika 
leaves occur regularly along the phyllotaxis. Photosynthetic 
rate models have not been accurately validated and com-
pared for each vertical leaf position in the crop.

According to Shin et al. (2011), the whole-plant pho-
tosynthetic rate was 30 µmol  CO2 m− 2  s− 1 under 3000 
µmol  m− 2  s− 1 of light intensity in the case of ‘Fiesta’ 
paprika. To reflect the photosynthetic rate of the whole plant, 
affected by the vertical position of the leaves, an adequate 
model incorporating environmental factors with photosyn-
thetic rate is required. Kim et al. (2016) measured the pho-
tosynthetic rate for each leaf position, but no comparison 
was performed between photosynthesis models. In addition, 
nitrogen affects the production of biochemical substances 
such as proteins, amino acids, nucleic acids, enzymes, and 
chlorophyll in plants (Suharja and Sutarno 2009), and the 
nitrogen content in the plants depends on the light distribu-
tion pattern of the plant canopy (Ellsworth and Reich 1993). 
With recent advances in three-dimensional plant modeling, 
the vertical light distribution and subsequent physiological 
changes of plants have been studied (Le Roux et al. 1999a; 
Sinoquet et al. 2001). In this case, an appropriate photo-
synthesis model for each position is required. In addition, 
indicators, such as nitrogen content, express the physi-
ological response of plants. Thus, the relationship between 
physiological indicator and model parameter can be ana-
lyzed to determine the crop growth condition. However, few 
attempts have been made to interpret physiological response 
of paprika by comparing several photosynthesis models.

The objectives of this study were to analyze the leaf pho-
tosynthetic characteristics of paprika plants according to the 
vertical position of leaves using photosynthesis models, and 
to analyze the relationship between the total nitrogen content 
and the photosynthetic model parameters.

2  Materials and methods

2.1  Cultivation conditions

To investigate the leaf photosynthetic rate of paprika 
plants (Capsicum annuum L. ‘Scirocco’), experiments 
were conducted in Venlo-type greenhouses of the Pro-
tected Horticulture Research Institute, National Institute of 
Horticultural and Herbal Sciences (RDA), Haman, Korea 
(35.2°N, 128.4°E) for two cultivation periods. The set-
ting temperatures for ventilation during the day and heat-
ing at night in the greenhouse were 30 °C and to 21 °C, 
respectively. The plants were sown on a tray on February 
08, 2018 and May 06, 2019, and transferred to cubes on 
March 05, 2018 and June 07, 2019, respectively. During 
the seedling period, the electrical conductivity (EC) of 
PBG paprika nutrient solutions was initially set to 0.8 
dS m− 1, gradually increased by 0.2 dS m− 1 per week, 
and maintained at 2.5 dS m− 1 at the end. After raising 
seedlings, the plants were transplanted on the slabs with a 
planting density of 2 plants/m on April 06, 2018 and July 
10, 2019. Four cubes were planted on each slab. After 
transplanting, nutrient solutions with EC 2.5 dS m− 1 and 
pH 6.0 were supplied 14 times a day at 33 mL per plant 
by drip irrigation.

2.2  Measurements of leaf photosynthetic rate, 
SPAD value, and leaf total nitrogen content

Leaf photosynthetic rates were measured twice over two 
years for model establishment and verification. On July 
04, 2018 and October 07, 2019, the first measurements 
were conducted from 10:00 to 15:00 to avoid photosyn-
thesis afternoon depression (Kim et al. 2016; Qian et al. 
2012). Leaf photosynthetic rates were measured using a 
portable photosynthesis measuring device (LI-6400, LI-
Cor. Inc., Lincoln, NE, USA) with a 6400-02B LED light 
source chamber. Light intensities were set to 0, 50, 100, 
200, 400, 900, 1500 and 2000 µmol m− 2 s− 1, and  CO2 con-
centrations in the chamber were set to 50, 100, 400, 800, 
and 1200 µmol mol− 1, as previously employed by Schaffer 
et al. (1997). A light response curve at 50 µmol mol− 1  CO2 
level was derived and the same curve derived sequentially 
at the next  CO2 level. Block temperature, relative humidity 
and flow rate of an infrared  CO2 gas analyzer (6400-02B, 
LI-Cor. Inc., Lincoln, NE, USA) were controlled at 25 °C, 
65–85%, and 500 µmol s− 1, respectively. To determine 
specifically how the photosynthetic rate model depends 
on each vertical leaf position, measurements of photosyn-
thetic rate were made for eight levels of light intensities 
and five levels of  CO2 concentrations for each vertical leaf 
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position. The leaves used for the measurements were fully-
expanded and the plants were in the reproductive phase. 
Measurements were taken in triplicate on different leaves 
of paprika at heights of 0, 25, 50, 75, 100, 125, and 150 cm 
as shown in Fig. 1.

The second measurements were conducted from 10:00 to 
15:00 on July 05, 2018 and October 11, 2019, and the leaf 
photosynthetic rate was obtained to verify the model estab-
lished in the first measurement. Light intensities were set to 
0, 100, 400, 800, and 1200 µmol m− 2 s− 1, and  CO2 concen-
trations were set to 100, 400, 800, and 1200 µmol mol− 1. 
The measurement method was the same as the first, and 
measurements were made on five levels of light intensity 
and four levels of  CO2 concentration for each position of 
the leaves. Each measurement was performed in triplicate 
in different leaves.

The SPAD values were measured with a chlorophyll 
meter (SPAD-502, Minolta, Osaka, Japan) and recorded as a 
mean of 10 measurements for each individual leaf. Measure-
ments were taken along the edge of the leaf and were meas-
ured three times on different leaves at each position. Leaves 
were sampled at each position and finely ground through 

a mill after freeze-drying. Leaf total nitrogen content was 
analyzed using the Kjeldahl method (Bremner 1960).

2.3  Estimation of intercellular  CO2 concentration

In order to express the A/Ci curve (where A is the net  CO2 
assimilation rate and Ci is intercellular  CO2 concentration) 
and to calculate leaf photosynthetic rate with the FvCB 
model using the measured atmospheric  CO2 concentration, 
the relationship between the atmospheric and intercellular 
 CO2 concentrations was regressed. Eight models are avail-
able that express the  CO2 exchange between the atmosphere 
and the leaves of plants. In this study, the widely used Ball-
Berry model was selected because of its simple equation 
(Katul et al. 2000):

where Ci and Ca are the intercellular and atmospheric  CO2 
concentrations (µmol mol− 1), respectively, m is an empirical 
parameter, and RH is the relative humidity. In other plant 
species m ranges from 3 to 10, but it has not been reported 
for paprika (Leuning 1995). To estimate the m value for 
paprika, Ci , Ca , and RH values were measured using the 
portable photosynthesis measuring device, and regression 
analysis was conducted using Eq. (1). Measured Ca and 
RH values were used for all Ci calculations through this 
experiment.

2.4  Leaf photosynthetic rate models

The first model for expressing leaf photosynthetic rates with 
varying light intensity and  CO2 concentration was a rectan-
gular hyperbola model established by Kaitala et al. (1982). 
The rectangular hyperbola model used in previous studies 
was expressed in the following equation:

where P is the leaf photosynthetic rate (µmol 
 CO2  m− 2  s− 1), � is the photochemical efficiency 
(µmol mol− 1), PPFD is the photosynthetic photon flux den-
sity (µmol m− 2 s− 1), � is the carboxylation conductance 
 (s− 1), Ci is the intercellular  CO2 concentration (µmol mol− 1), 
and R is the respiration (µmol  CO2 m− 2 s− 1).

Since it is difficult to reflect the effect of temperature 
change on leaf photosynthetic rate in the rectangular hyper-
bola model, a modified rectangular hyperbola model with 
temperature variable was used, which is based on empiri-
cal equations to express the change in photochemical effi-
ciency and carboxylation conductance (Jung et al. 2017). In 
this study, an exponential equation was selected rather than 

(1)
Ci

Ca

= 1 −
1

m
∗

1

RH

(2)P =

(
� ∗ PPFD ∗ � ∗ Ci

� ∗ PPFD + � ∗ Ci

)
− R

Fig. 1  Vertical positions of leaf photosynthetic rate measurement in 
hydroponically-grown paprika plants
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quadratic equation because the leaf temperature variation 
was small. The photochemical efficiency and carboxylation 
conductance used in the rectangular hyperbola model are 
expressed in the following equations:

where Tl is the leaf temperature (°C), and a and b are 
regression coefficients. The rectangular hyperbola model 
used in the analysis is expressed in the following equation:

where a and b are regression coefficients, PPFD is the pho-
tosynthetic photon flux density (µmol m− 2 s− 1), Ci is the 
intercellular  CO2 concentration (µmol mol− 1), and R is the 
respiration (µmol  CO2 m− 2 s− 1).

The FvCB model was expressed in the following 
equations:

where P is the leaf photosynthetic rate (µmol  CO2 m− 2 s− 1), 
Ac is the ribulose-1,5-bisphosphate carboxylase/oxyge-
nase (Rubisco) carboxylation limited photosynthesis rate 
(µmol  CO2 m− 2 s− 1), Aj is the ribulose-1,5-bisphosphate 
(RuBP) regeneration limited photosynthesis rate (µmol 
 CO2 m− 2 s− 1), Vc is the carboxylation capacity at a certain 
light intensity (µmol  CO2 m− 2 s− 1), Ci is the intercellular 
 CO2 concentration (µmol mol− 1), � ∗ is the  CO2 compen-
sation point (µmol mol− 1), Kc is the Michaelis–Menten 
constant of Rubisco for  CO2 (µmol mol− 1), O is the  O2 
concentration (210 mmol  mol− 1), Ko is the Michae-
lis–Menten constant of Rubisco for  O2 (µmol  mol− 1), 

(3)� = e−a∗Tl

(4)� = e−b∗Tl

(5)P =

(
e−a∗Tl ∗ PPFD ∗ e−b∗Tl ∗ Ci

e−a∗Tl ∗ PPFD + e−b∗Tl ∗ Ci

)
− R

(6)P = min(Ac,Aj)

(7)Ac =

(
Vc ∗ (Ci − � ∗)

Ci + Kc ∗ (1 + O∕Ko)

)
− R

(8)Vc = Vcmax ∗

(
31 + (69∕(1 + e−0.009∗(PPFD−500)))

100

)

(9)Aj =

(
J ∗ (Ci − � ∗)

4Ci + 8� ∗

)
− R

(10)J =

⎛
⎜⎜⎜⎝

� ∗ PPFD + Jmax −

�
(� ∗ PPFD + Jmax)

2 − 4� ∗ Jmax ∗ � ∗ PPFD

2�

⎞⎟⎟⎟⎠

Vcmax is the maximum carboxylation capacity (µmol 
 CO2 m− 2  s− 1), PPFD is the photosynthetic photon flux 
density (µmol m− 2 s− 1), J is the electron transport rate at 
a certain light intensity (µmol m− 2 s− 1), Jmax is the maxi-
mum electron transport rate (µmol m− 2 s− 1), � is the effi-
ciency of light energy conversion on an incident light basis 
(0.42 mol e− mol− 1 photon), and � is the curvature of the 
light response of J (0.25 dimensionless) (Qian et al. 2012). 
The Michaelis–Menten constants of Rubisco for  CO2 and  O2 
in the model were calculated based on Arrhenius function.

Regression analysis was performed on each model using 
the SPSS statistical package (IBM, New York, NY, USA). 
The light intensity, leaf temperature, relative humidity, 
and  CO2 concentration were set as input data in the model 
expression, and the measured photosynthetic rates were set 
as dependent variables to conduct a non-linear regression. 
All analyses were performed for each of the measured results 
for each vertical leaf position of the paprika.

2.5  Validation of leaf photosynthetic rate models

In the leaf photosynthetic rate model determined by regression 
analysis, the calculated leaf photosynthetic rate was compared 
with the measured leaf photosynthetic rate in the secondary 
measurement, which was different from the data used to establish 
the models under the specific light intensity and  CO2 concentra-
tion. A regression analysis was performed on a 1:1 line using the 
SPSS statistical package (IBM), and a graph of the model was 
drawn using Sigmaplot (Systat Software, San Jose, CA, USA).

2.6  Analyses of photosynthetic parameters

The relationship between the SPAD value and the total nitro-
gen content measured by leaf positions was analyzed through 

linear regression. A primary linear expression was used for 
regression analysis. The values Pmax , Vcmax , and Jmax , estimated 
in the rectangular hyperbola and FvCB models, were found to 
be related to SPAD values or total nitrogen content. As before, 
regression analysis was performed using the primary linear 
expression. Regression analysis was performed on each model 
using the SPSS statistical package.
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3  Results

3.1  Intercellular  CO2 concentration

The intercellular  CO2 concentration increased linearly with 
increasing atmospheric  CO2 concentration (Fig. 2). As the 
atmospheric  CO2 concentration increased from 100 to 1200 
µmol mol− 1, the intercellular  CO2 concentration increased 
from 100 to 1100 µmol mol− 1. The m value in Eq. (1) was 
estimated to be 3.177 at a relative humidity of 74%. The  R2 
and root mean square error (RMSE) values in the Ball–Berry 
model were estimated to be 0.63 and 0.539, respectively.

3.2  Vertical SPAD values and leaf total nitrogen 
content

The leaf SPAD values over 75 cm in the vertical position 
decreased linearly, while those under 75 cm showed no ten-
dency (Fig. 3a). The maximum and minimum SPAD values 
measured were 48.5 at 0 cm and 72.2 at 125 cm, respec-
tively. Leaf total nitrogen content linearly increased with 
increasing vertical leaf position (Fig. 3b). The maximum 
and minimum total nitrogen contents measured were 5.46% 
at 0 cm and 2.43% at 150 cm, respectively.

3.3  Regression analyses of rectangular hyperbola 
and FvCB models

For the rectangular hyperbola model, the regression coef-
ficients of a , b , and R included in Eq. (5) were analyzed 
(Table 1). a showed a low value at 150 cm, and a decreas-
ing tendency at other heights. As the height increased, 

b values decreased, and the result obtained at 0 cm was 
about 75% of the result obtained at 150 cm. R showed a 
low value at 150 cm, and a decreasing tendency at other 
heights. The results were substituted for Eq. 5 showing the 
leaf photosynthetic rate in three-dimensional space with 
light intensity and  CO2 concentration on the X and Y axes 
(Fig. 4). The rectangular hyperbola model showed over-
estimated values at 25 and 50 cm under light intensity and 
high  CO2 concentration conditions. The photosynthetic 
rates over 50 cm increased in the form of saturation curves 
with increasing light intensity and  CO2 concentrations. 
The photosynthetic rates under 100 cm also increased in 
the form of saturation curves with increasing light inten-
sity. With increasing  CO2 concentration, however, the leaf 
photosynthetic rates increased linearly, without showing 
the form of a saturation curve.

For the FvCB model, Vcmax and Jmax included in Eqs. 8 
and 10 were analyzed (Table 2). From 0 to 150 cm in 
the vertical position of the leaf, those two values showed 
decreasing tendencies, with higher accuracy in regres-
sion analysis at 0 cm. The results were substituted for 
Eqs. 6–10, showing the leaf photosynthetic rate in three-
dimensional space with light intensity and  CO2 concentra-
tion on the X and Y axes (Fig. 5). Over 50 cm, all light 
intensity conditions were shown to be the RuBP regener-
ation-limited zone under low  CO2 concentration condi-
tions. In the high  CO2 concentration conditions, the light 
intensity within 600–1000 µmol m− 2 s− 1 was found to 
be the RuBP regeneration-limited zone. Similar patterns 
were observed under 75 cm, but the Rubisco carboxyla-
tion limited zone was found to be wider than the RuBP 
regeneration-limited zone.

Fig. 2  Relationship between atmospheric  CO2 concentration ( C
a
 ), rel-

ative humidity ( RH ), and intercellular  CO2 concentration ( C
i
 ) using 

the Ball–Berry model in hydroponically-grown paprika plants

Fig. 3  Vertical distributions in SPAD value (a) and total nitrogen 
content (b) of hydroponically-grown paprika plants. Bars represent 
mean ± SD (n = 3). Each value followed by the same letter are not sig-
nificantly different by Duncan’s multiple range test at p ≤ 0.05
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3.4  Validation of leaf photosynthetic rate models

Rectangular hyperbola and FvCB model-estimated leaf 
photosynthetic rates for each height were compared to 
measured rates against a 1:1 regression line to evaluate 
model performance (Fig. 6). The  R2 values and the RMSE 

values were 0.86 and 0.90, and 4.651 and 2.104 in the rec-
tangular hyperbola and FvCB models, respectively.

3.5  Relationship among photosynthetic parameter, 
vertical SPAD value, and leaf total nitrogen 
content

There was a small negative relationship between the SPAD 
values and the total nitrogen contents, showing a negative 
slope as − 0.1010 (Fig. 7). The linear regression results for 
the parameters in the equation showed a low correlation with 
 R2 = 0.33. The � and � value estimated by the rectangular 
hyperbola model indicated a negative correlation with SPAD 
values, however, � value indicated a positive correlation with 
total nitrogen content. Similarly, the Vcmax and Jmax values 
estimated by the FvCB model indicated a negative correla-
tion with SPAD value and a positive correlation with total 
nitrogen content (Fig. 8). Estimating photosynthetic model 
parameters from the SPAD values resulted in low accuracy 
across all regressions. The regression results of the relationship 
between total nitrogen content and photosynthetic rate model 
parameters were generally more accurate than using SPAD 
values, but the maximum  R2 value was as low as 0.61.

Fig. 4  Leaf photosynthetic rates ( P ) of hydroponically-grown paprika 
plants estimated using the rectangular hyperbola model with light 
intensity ( PPFD ) and intercellular  CO2 concentration ( C

i
 ) at vertical 

leaf positions of 0 (a), 25 (b), 50 (c), 75 (d), 125 (e), and 150  cm 

(f). The leaf temperature was constant at 25 °C. White dots are meas-
ured values of leaf photosynthetic rates and curved meshes are the 
regressed estimates from the rectangular hyperbola model

Table 1  Regression coefficients,  R2, and RMSE values of the rec-
tangular hyperbola model for hydroponically-grown paprika plants 
according to vertical leaf position

Leaf position 
(cm)

a b R R2 RMSE

0 0.126 0.120 2.506 0.71 5.956
25 0.097 0.101 1.568 0.89 2.968
50 0.090 0.111 1.198 0.85 3.363
75 0.099 0.141 1.039 0.62 3.294
100 0.090 0.127 0.602 0.51 2.511
125 0.070 0.150 0.423 0.68 1.683
150 0.015 0.160 0.099 0.64 1.625
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4  Discussion

For the rectangular hyperbola model, the photochemi-
cal efficiency and carboxylation conductance were used 
to express plant physiological reactions as regressing 
parameters in the model. The photochemical efficiency 
increased toward the bottom leaves of the plants, but the 
bottom leaves showed low leaf photosynthetic rates. In the 
previous study, photochemical efficiency and carboxyla-
tion conductance of willow trees were 0.00028 µmol− 1 m2 
and 0.001053 kg  CO2 m− 3 s− 1, respectively (Kaitala et al. 
1982). In addition, the photochemical efficiency measured 

in orache plants was known to be 0.177 µmol  CO2 mol− 1 
(Marshall and Biscoe 1980). This value was similar to 
the photochemical efficiency of leaf positions over 50 cm 
estimated in the rectangular hyperbola model in this study. 
Thus, the rectangular hyperbola model was suitably estab-
lished through regression analysis. However, the rectangu-
lar hyperbola model showed overestimated values under 
high light intensity and  CO2 concentration conditions 
especially at the positions at 25 and 50 cm (Fig. 4b, c). 
The lack of accuracy in the position revealed that the most 
active photosynthetic responses is a factor that reduces the 
reliability of the model. In addition, a modified rectangu-
lar hyperbola model with temperature variables was also 

Fig. 5  Leaf photosynthetic rates ( P ) of hydroponically-grown paprika 
plants estimated using the FvCB model with light intensity ( PPFD ) 
and intercellular  CO2 concentration ( C

i
 ) at vertical leaf positions of 0 

(a), 25 (b), 50 (c), 75 (d), 125 (e), and 150 cm (f). The leaf tempera-

ture was constant at 25  °C. White dots are measured values of leaf 
photosynthetic rates and curved meshes are the regressed estimates 
from the FvCB model

Table 2  Maximum 
carboxylation capacity ( V

cmax
 ) 

and maximum electron transport 
rate ( J

max
 ),  R2, and RMSE 

values of the FvCB model for 
hydroponically-grown paprika 
plants according to vertical leaf 
position

Leaf position 
(cm)

V
cmax

R2 RMSE J
max

R2 RMSE

0 74.818 0.82 2.722 136.392 0.95 2.237
25 88.693 0.83 3.072 144.382 0.95 2.086
50 87.206 0.84 2.361 127.002 0.87 3.323
75 42.909 0.60 2.376 58.521 0.89 1.482
100 39.813 0.50 2.978 36.106 0.47 2.631
125 39.701 0.56 2.125 37.612 0.76 1.184
150 34.776 0.64 1.567 32.808 0.80 0.999



48 Horticulture, Environment, and Biotechnology (2021) 62:41–51

1 3

developed, but empirical equations were used to express 
the change in photochemical efficiency and carboxylation 
conductance (Jung et al. 2017). However, the temperature 
changes occurred during photosynthesis measurements in 
this experiment were too small to use the quadratic empiri-
cal models as used in the previous study.

For the FvCB models, the Michaelis–Menten constants 
for  CO2 and  O2 concentrations were used to express photo-
synthetic reactions that vary with temperature (Qian et al. 
2012). In terms of reflecting temperature, the FvCB model 
can more accurately represent the leaf photosynthetic rate 

compared to the rectangular hyperbola model. Our results 
showed the lowest  R2 value with the FvCB model (Fig. 6), 
but the  R2 value was more than 0.90, indicating that the 
model itself is reliable. For shaded leaves at the bottom of 
the canopy in various crops, decreases in Rubisco content 
and RuBP regeneration capacity were reported (Baker and 
McKiernan 1988; Evans 1993; Osborne et al. 1998). As pre-
viously reported, this study also showed a tendency for the 
maximum carboxylation capacity and the maximum elec-
tron transport rate to decrease from the upper leaf to the 
lower leaf (Table 2). At leaf positions of 0–50 cm, where 
photosynthesis actively occurs, the FvCB model was more 
accurate than the rectangular hyperbola model under high 
light intensity and  CO2 concentration conditions.

Regressions using measured leaf photosynthetic rates 
were often inaccurate in the middle and bottom leaves of the 
plant canopy. By using a 3D plant model and simulations, 
Sinoquet et al. (1998) reported that the light intensity on the 
middle leaves of plants varied significantly. More adequate 
leaf photosynthetic rate models need to be applied to the top 
or outer leaves at high light intensity and the inner leaves at 
low light intensity. The bottom leaves showed smaller dif-
ferences in light distribution compared to the middle and top 
leaves. Therefore, the leaf photosynthetic rate did not sig-
nificantly change with changing environmental factors in the 
bottom leaves (Léchaudel et al. 2013). Photosynthesis varies 
depending on the leaf position due to changes in physiologi-
cal and anatomical characteristics, such as leaf cell struc-
ture and chlorophyll content, according to environmental 
conditions (Larbi et al. 2015). In general, shaded leaves at 
the bottom of plants have low photosynthetic capacity and 
nitrogen content, resulting in insufficient photosynthesis 

Fig. 6  Validation results of leaf photosynthetic rates of hydroponically-grown paprika plants estimated by the rectangular hyperbola (a) and 
FvCB (b) models

Fig. 7  Relationship between SPAD value and total nitrogen content 
of hydroponically-grown paprika plants according to vertical leaf 
position. The solid line indicates the regressed primary linear equa-
tion. Bars represent mean ± SD (n = 3)
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even with increased  CO2 concentrations (Del Pozo et al. 
2007). In order to develop a more accurate model, it is nec-
essary to identify the relationship between anatomical leaf 
structure and physiological indicators according to the verti-
cal positions.

In this study, the nitrogen content at the bottom leaves was 
lower (Fig. 3b). According to Mavengahama et al. (2006), 
the optimum level of leaf nitrogen content for 6-weeks old 
paprika was approximately 3.7%. The total nitrogen content 

in this experiment was up to 5%, but there was no stress 
responses. The vertical distribution of total nitrogen con-
tent in paprika found herein was consistent with the meas-
urements obtained in deciduous forests for species such as 
maple, oak, and walnut (Ellsworth and Reich 1993; Le Roux 
et al. 1999b). It is interpreted that the nitrogen is allocated 
to the top of the plant due to the need for photosynthesis-
related enzymes. The distribution and allocation of nitrogen 
is a contentious topic, but it is generally known to be related 

Fig. 8  Relationships between the estimated values of � and � (rectan-
gular hyperbola model, a and b), V

cmax
 (FvCB model, c and d), J

max
 

(FvCB model, e and f), and the measured SPAD values (a, c, and e) 

and total nitrogen content (b, d, and f), respectively, of hydroponi-
cally-grown paprika plants. The solid line indicates the regressed pri-
mary linear equation
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with light intensity (Thornley 2004). Models having physio-
logical characteristics with nitrogen distribution will be use-
ful for farmers growing paprika at a high planting density.

According to Sun et al. (2019), SPAD values measured 
in tomatoes were 31.46–60.90, similar to those of paprika 
in this study. Pestana et al. (2001) observed that chlorophyll 
contents and SPAD values represent exponential relation-
ship through orange trees. Díaz-Pérez (2013) also reported 
that chlorophyll contents in paprika were not correlated with 
leaf nitrogen content. The bottom leaves adapted to low light 
intensity had larger chloroplast size and chlorophyll contents 
than the top leaves adapted to high light intensity. In this 
study, the SPAD values according to leaf position was con-
sistent with the previous studies (Figs. 3, 7). In addition, the 
SPAD values were less accurate in estimating parameters of 
photosynthetic rate models (Fig. 8). Considering photosyn-
thetic mechanism, total nitrogen contents is more suitable 
for expressing the plant physiological responses than SPAD 
values. The SPAD values and nitrogen contents according to 
leaf position are proportional to accumulated light intensity 
(Thornley 2004; Yu et al. 2016). Because the light intensity 
exponentially decreases in crop canopy, it is likely that the 
SPAD values and nitrogen contents also tend to be the same. 
Thus, the relationship between the light intensity and SPAD 
value or nitrogen content of each leaf can be analyzed first 
with an exponential model, which can improve the accuracy 
rather than using only the parameters of the photosynthesis 
model.

5  Conclusions

Leaf photosynthetic rates of hydroponically-grown paprika 
plants were analyzed according to vertical position using 
two different multivariable photosynthetic rate models. The 
validation results showed that the  R2 values of rectangu-
lar hyperbola and FvCB models were as high as 0.86 and 
0.90 with RMSE values of 4.651 and 2.104, respectively. 
However, the  R2 values of SPAD values and total nitrogen 
contents at the maximum electron transport rate in the FvCB 
model were as low as 0.45 and 0.61, respectively. Total 
nitrogen content linearly increased with increasing vertical 
leaf position and has a close relation with the maximum 
carboxylation capacity and maximum electron transport rate 
in the FvCB model. Compare to the rectangular hyperbola 
model, the FvCB model showed reliable values under high 
light intensity and  CO2 concentration conditions at a posi-
tion where photosynthesis was very active. It is desirable to 
use the FvCB model that expresses the relationship between 
total nitrogen contents and plant’s physiological responses 
according to the vertical position of leaves. The vertical leaf 
photosynthetic rate models established in this study will 
contribute to determine optimal environmental conditions 

for maximizing crop photosynthesis in greenhouses and to 
establish the criteria for precise  CO2 enrichment.
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