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Abstract
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Abbreviations: Ca – ambient CO2 concentration; Ca1 – critical ambient CO2 concentration for photosynthetic CO2-response curve 
at which the transition between Rubisco- and RuBP-limited photosynthesis occurs; Ca2 – critical ambient CO2 concentration for 
photosynthetic CO2-response curve at which the transition between RuBP- and TPU-limited photosynthesis occurs; Ci – intercellular 
CO2 concentration; Ci1 – critical intercellular CO2 concentration for photosynthetic CO2-response curve at which the transition between 
Rubisco- and RuBP-limited photosynthesis occurs; Ci2 – critical intercellular CO2 concentration for photosynthetic CO2-response 
curve at which the transition between RuBP- and TPU-limited photosynthesis occurs; FvCB – Farquhar–von Caemmerer–Berry;  
gm – mesophyll diffusion conductance; Jmax – maximum rate of electron transport; Pc – net photosynthetic rates limited by Rubisco 
activity, Pj – net photosynthetic rates limited by RuBP regeneration; PN – net photosynthetic rates; PN1 – critical net photosynthetic rate 
for photosynthetic CO2-response curve at which the transition between Rubisco- and RuBP-limited photosynthesis occurs; PN2 – critical 
net photosynthetic rate for photosynthetic CO2-response curve at which the transition between RuBP- and TPU-limited photosynthesis 
occurs; PN/Ci – photosynthetic CO2 response; Pp – net photosynthetic rates limited by triose phosphates utilization; Rl – light respiration 
rate; RuBP – ribulose-1,5-bisphosphate; Top-1st, Top-2nd, Top-3rd, Top-4th, Top-5th, Top-6th, and Top-7th – the top first, second, 
third, fourth, fifth, sixth, seventh leaf; TPU – triose phosphates utilization; Vcmax – the maximum rate of carboxylation; Vp – rate of triose 
phosphates utilization.
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Leaf-specific Farquhar–von Caemmerer–Berry (FvCB) model was fitted to characterize the vertical profile of 
photosynthetic CO2 response within rice canopy. Leaf-position-specific and canopy average FvCB models were fitted 
to study a suitable leaf representing photosynthetic parameters at the canopy scale. The results showed that leaf 
photosynthesis was limited by Rubisco activity or ribulose-1,5-bisphosphate regeneration under field conditions.  
The maximum rate of carboxylation, maximum rate of electron transport, rate of triose phosphates utilization, and 
light respiration rate in the FvCB model reached the highest values for the top second leaf and then decreased, while 
the mesophyll diffusion conductance kept decreased in downward leaves. The integrated photosynthetic CO2-response 
curves for the top fourth and fifth leaves were appropriate for estimating parameters in the FvCB model at the canopy 
scale.

Highlights

● The Vcmax, Jmax, Vp, and Rl reached the highest values for the top second leaf
● The gm kept decreased in downward leaves
● Top-4th or Top-5th was appropriate for estimating canopy FvCB parameters

Introduction

The Farquhar–von Caemmerer–Berry (FvCB) biochemical 
photosynthetic model has been the heart of estimating 
crop CO2 assimilation (Alagarswamy et al. 2006, Kattge 
and Knorr 2007, Zhang et al. 2012, Busch et al. 2018). 
Determining the parameters in the FvCB model, namely 
the maximum rate of carboxylation Vcmax, maximum rate 
of electron transport Jmax, rate of triose phosphates utiliza

tion Vp, mesophyll diffusion conductance gm, and light 
respiration rate Rl, is essential to depict the photosynthesis 
trait by some ecosystem models (Chen et al. 1999, Sharkey 
et al. 2007, Patrick et al. 2009, Walker et al. 2014). Other 
than reverse calculation (Zhang et al. 2014, 2018), fitting 
leaf photosynthetic CO2-response (PN/Ci) curves based on 
the FvCB model is frequently used to estimate parameters 
in the FvCB model, which offers a mechanistic way for 
simulating the photosynthesis from cellular to global 
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levels (de Pury and Farquhar 1997, Bernacchi et al. 2013, 
Wu et al. 2016, Ren et al. 2017).

Leaf photosynthesis is influenced by various leaf 
attributes, such as leaf chemical elements, specific leaf 
mass, leaf age, and so on (Pettersen et al. 2010, Peri et al. 
2011, Wang et al. 2018, Gong et al. 2020). Consequently, 
the photosynthetic CO2 response, as well as parameters in 
the FvCB model, varies greatly among leaves, which has 
been reported for different crops in different regions (Zhou 
et al. 2007, Yin et al. 2009, Qian et al. 2012). Moreover, 
leaf position affects considerably leaf photosynthesis, 
as the leaves differ in leaf ages and light acclimation 
within crop canopy (Suzuki et al. 2009, Niinemets 2016, 
Townsend et al. 2018). For example, the measured leaf 
net photosynthetic rates (PN) at a certain light intensity 
for wheat decreased significantly in a sequence of the top 
first, second, third leaf (Li et al. 2013). The light-saturated 
leaf PN for rice increased to the maximum when a leaf was 
fully expanded, and then decreased during leaf ontogeny 
(the upper leaves are physiologically younger than the 
lower ones), or declined in downward leaves within the 
canopy (Jin et al. 2004, Xu et al. 2019, Lv et al. 2020). No 
results were discussing the difference in PN/Ci curves and 
parameters in the FvCB model among leaves at different 
positions. Almost all models treated parameters in FvCB 
model homogeneously for all rice leaves, that assumed 
the variation in the PN was determined by the distribution 
of both incident irradiance and leaf nitrogen within crop 
canopy (Kim and Lieth 2003, Greer and Weedon 2011, 
Wang et al. 2021). Insight into the vertical profile of leaf 
photosynthetic CO2 response, as well as the parameters 
in the FvCB model, within the canopy, is critical to 
understand the vertical characteristic of leaf photosynthesis 
within crop canopy, which provide basic information to 
either determine the optional leaf representing canopy 
photosynthetic parameters, or upscale photosynthesis 
or photosynthetic parameters from leaf to canopy by 
considering detailed three-dimensional canopy structure 
model (Wang et al. 2006, Kim et al. 2016, Retkute et al. 
2018).

In the current research, each measured photosynthetic 
CO2 response for leaves at different positions was fitted 
to reveal the vertical profiles of critical CO2 concentration 
(at which limited factors of leaf photosynthesis shifted) 
and parameters in the FvCB model within the rice canopy. 
Subsequently, leaf-position-specific and canopy average 
FvCB models were fitted respectively based on measured 
PN/Ci curves at each specific position and all PN/Ci curves 
within the rice canopy. Finally, the suitable leaf position, 
at which leaf represented parameters in the FvCB model 
of rice canopy, was determined by both analyzing the 
relationship between parameters of leaf-position-specific 
and canopy average FvCB models and evaluating the 
performance of canopy average FvCB model in estimating 
PN/Ci curves for leaves at different positions.

Materials and methods

Field measurement: The rice (variety of Japonica rice 
NJ46) was transplanted (13 × 25 cm hill spacing) on 1 July, 

and harvested on 26 October in 2017 at Kunshan, Jiangsu, 
East China (31°15'50''N; 120°57'43''E). Primary shoots 
(about five days after emergence of the top first leaf) under 
saturated soil moisture content conditions were randomly 
selected and photosynthetic response to intercellular CO2 
concentration (PN/Ci) of all leaves on the primary shoot 
(the top first, second, third, fourth, fifth, sixth, seventh 
leaf, namely, Top-1st, Top-2nd, Top-3rd, Top-4th, Top-5th, 
Top-6th, and Top-7th) was measured at 14 ambient CO2 
concentrations (Ca) (in the order of 400, 300, 200, 100, 
50, 400, 400, 500, 600, 800; 1,000; 1,300; 1,500; and 
1,800 μmol mol–1), by a portable photosynthesis system 
(LI-6800; LI-COR, Lincoln, NE, USA) at booting stage. 
In total, six PN/Ci curves were measured for leaves at each 
specific position. For each PN/Ci curve, photosynthetic 
photon flux density (PPFD), chamber temperature, and 
relative humidity were set at 1,600 μmol m–2 s–1, 30°C, and 
70%, respectively, and such conditions were maintained 
for 15 min at Ca of 400 μmol mol–1 for acclimation and 
stabilization of leaf photosynthesis before measurements 
were logged; then leaf PN was logged automatically at 
120-s intervals at each Ca concentration.

FvCB model: The PN can be estimated according to the 
steady-state photosynthesis model (Farquhar et al. 1980):

PN = min{Pc,Pj,Pp}                                                          (1)

where PN [μmol m–2 s–1] is net photosynthetic rate at any 
given chloroplastic CO2 concentration CC [μmol mol–1]; 
Pc, Pj, Pp [μmol m–2 s–1] are the PN limited by Rubisco 
activity, ribulose-1,5-bisphosphate (RuBP) regeneration, 
and triose-phosphates utilization TPU, respectively.
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where Vcmax [μmol m–2 s–1] is the maximal carboxylase 
activity of Rubisco, Rl [μmol m–2 s–1] is the mitochondrial 
respiration rate, O [210 mmol mol–1] is the oxygen 
concentration (Manter and Kerrigan 2004), Γ* [μmol 
mol–1] is the hypothetical CO2-compensation point of 
photosynthesis in the absence of Rl, KC [μmol mol–1] and 
KO [mmol mol–1] are respectively the Michaelis–Menten 
constant for CO2 and oxygen.

The parameters of KC, KO, Γ*, Rl at a chamber 
temperature of 30°C were determined.

( )
aexp –

30 237.15
HParameter c

R
 

=   +                          (3)

where Parameter is KC, KO, Γ* or Rl; R [8.314 J mol–1 K–1] 
is the molar gas constant, c [dimensionless] and Ha  
[J mol–1] represent a scaling constant and activation energy, 
respectively.
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where J [μmol m–2 s–1] is the rate of photosynthetic electron 
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transport. J depends on the capacity for photosynthetic 
electron transport Jmax [μmol m–2 s–1] and PPFD [μmol  
m–2 s–1] according to a nonrectangular hyperbola.

( )
1/22

max max maxPPFD – PPFD – 4 PPFD

2

J J k J
J

k

 ϕ + ϕ + ϕ =

                                                                                         (5)

where φ [μmol μmol–1] is the initial quantum yield and 
k [dimensionless] is the curvature of the light response, 
and parameters of k and φ were 0.3 and 0.90 (Wang et al. 
2014). 

Pp = 3Vp – Rl                                                                    (6)

where Vp [μmol m–2 s–1] is the rate of TPU.
The CC and the intercellular CO2 concentration Ci 

[μmol mol–1] are related as

CC = Ci – PN/gm                                                                (7)

where gm [mol m–2 s–1] is the mesophyll diffusion 
conductance from intercellular spaces to chloroplasts.

Generally, the response of PN to Ci could be described 
as three phases, namely Rubisco-limited, RuBP-limited, 
and TPU-limited stage, and the PN was the minimum 
of Pc, Pj, and Pp calculated by Eqs. 2, 4, and 6 (Fig. 1). 
The critical Ci and PN for each PN/Ci curve, at which 
the transitions between Rubisco- and RuBP-limited 
photosynthesis (Ci1 and PN1) and between RuBP- and 
TPU-limited photosynthesis (Ci2 and PN2) occurred, were 
determined by deriving the intersection of Eq. 2, Eq. 4 
and Eq. 4, Eq. 5 in the FvCB model, respectively. The Ca 
corresponding with Ci1 and Ci2 (Ca1 and Ca2, respectively) 
were determined by fitting the relationship of Ca with Ci 
for leaves at each position.

In the current research, each measured PN/Ci curve was 
firstly fitted using the nonlinear least-squares regression 
to determine simultaneously all parameters in the FvCB 

model, namely Vcmax, Jmax, Vp, Rl, and gm, which was used to 
reveal vertical profiles of these parameters within the rice 
canopy. Moreover, the Ci1, Ca1, PN1, and Ci2, Ca2, PN2 were 
determined to reveal the factors that limited photosynthesis 
for leaves at different positions under various CO2 
concentrations. Furthermore, leaf-position-specific and 
canopy average FvCB models were fitted respectively 
based on six measured PN/Ci curves at each specific 
position and all PN/Ci curves within rice canopy. Finally, 
the suitable leaf position was determined by analyzing the 
relationship among parameters in leaf-position-specific 
and canopy average FvCB model and evaluating the 
performance of canopy average FvCB model in estimating 
PN/Ci curves for leaves at different positions.

Statistical analysis: The one-way analysis of variance 
(ANOVA) and least significant difference multiple 
comparison tests were used to reveal the differences 
in Ci and PN under certain Ca conditions, critical CO2 
concentrations (Ca and Ci), and their corresponding PN, 
and parameters in the FvCB model, between leaves at 
different positions. The performance of leaf-specific, leaf-
position-specific, and canopy average FvCB models was 
evaluated by average absolute error AE and the root mean 
square error RMSE (Eqs. 8, 9).

Ncal,i Nmea,i
i 1

1 –nAE P P
n =

= ∑                                             (8)

( )
2

Ncal,i Nmea,i
i 1

1 –nRMSE P P
n =

= ∑                                 (9)

where PNcal,i and PNmea,i are the PN estimated by the FvCB 
model and the corresponding measured value. n is the total 
number of PN data.

Results

Measured photosynthetic response to intercellular CO2 
concentration: These PN/Ci curves were similar among 
leaves at different positions and could be described as 
three phases (Fig. 2). As the Ci increased from its minimum 
concentration, the dPN/dCi was high and constant (Rubisco-
limited stage), then there was an inflection to a lower  
dPN/dCi that gradually approached zero (RuBP-limited 
stage). Finally, a further increase in Ci resulted in another 
transition to a plateau (TPU-limited stage). Furthermore, 
leaf PN/Ci curves were quite different from each other 
between leaves at various positions. Generally, the 
difference in PN was small at lower Ci conditions and 
became more remarkable with increasing Ci. Under the Ci 
concentration higher than about 350 μmol mol–1, the PN 
of the Top-2nd leaf was considerably higher than that of 
the Top-1st leaf (unfolded and about 5 d after emergence), 
then gradually declined with a lowering leaf position,  
and the standard deviation of mean PN for Top-1st and 
Top-7th was considerably higher than that for the leaves 
at the other positions. Especially, the maximum PN of the 
Top-2nd was 36.78 μmol m–2 s–1, which was 2.76 times the 
maximum PN of the Top-7th leaf.

Fig. 1. Fitted response of net photosynthetic rate PN for rice 
leaves to intercellular CO2 concentration Ci based on the FvCB 
model. The Ci1, Ci2 and PN1, PN2 were respectively the critical Ci 
and PN at which the transition from Rubisco- to RuBP-limited 
and from RuBP- to TPU-limited photosynthesis occurred.
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Critical ambient and intercellular CO2 concentration: 
The Ci was related linearly with the Ca for leaves at each 
specific position and the ratio of Ci to Ca (k) decreased 
to the minimum of 0.624 for the Top-3rd leaf and then 
increased to the maximum of 0.849 for the Top-7th leaf 
with downward leaf (Table 1). The three phases of each 
measured PN/Ci curve were fitted respectively based on 
Eq. 2, Eq. 4, and Eq. 6 in the FvCB model. The model 
performed well in describing PN/Ci curves, with high R2 
(range from 0.989 to 1.000) and low errors (RMSE and AE 
ranged from 0.060 to 1.180 μmol m–2 s–1 and from 0.041 to 
0.781 μmol m–2 s–1, respectively). There were differences 
in Ci1, Ca1, PN1, and Ci2, Ca2, PN2 between leaves at various 
positions (Table 1). The Ci1 for leaves from the Top-2nd 
to the Top-6th differed slightly (ranging from 345.9 to 
399.8 μmol mol–1) and were significantly higher than the 
Top-1st and Top-7th leaves (270.8 and 264.8 μmol mol–1, 
respectively). The Ca1 and PN1 reached the maximum 

for the Top-3rd and Top-2nd leaf (610.8 μmol mol–1 and  
25.9 μmol m–2 s–1), respectively, and then decreased to 
the minimum for the Top-7th leaf (311.3 μmol mol–1 and  
6.4 μmol m–2 s–1) with lowering leaf position. The Ci2, Ca2, 
PN2 varied in a wide range of 633.0–988.6 μmol mol–1, 
884.6–1291.4 μmol mol–1, 20.3–36.7 μmol m–2 s–1 for 
the leaves from the Top-1st to the Top-6th, and the TPU 
limitation did not occur for the Top-7th leaf. The Ci2 and 
Ca2 increased with lowering leaf position, while the PN2 
increased at the maximum at the Top-2nd leaf and then 
decreased with lowering leaf position.

Photosynthetic parameters in the FvCB model: The 
FvCB model performed well in modeling all individual 
PN/Ci curves, and the parameters of Vcmax, Jmax, Vp, Rl, and 
gm were considerably different between leaves at various 
positions (Fig. 3). The Vcmax, Jmax, Vp, and Rl reached the 
maximum (204.8, 244.3, 14.0, and 5.5 μmol m–2 s–1, 
respectively) for the Top-2nd or Top-3rd leaf, which were 
significantly higher than that for the Top-1st leaf, and then 
considerably decreased to the minimum (67.1, 70.1, 7.4, 
and 1.6 μmol m–2 s–1, respectively) for the Top-7th leaf  
with lowering leaf position. The gm of 0.3231 mol m–2 s–1 for 
the Top-1st leaf was the highest, and the gm for the Top-2nd 
to Top-4th leaf (changed insignificantly with the average 
of 0.2186 mol m–2 s–1) was significantly higher than that 
for the Top-5th to Top-7th leaf (changed insignificantly 
with the average of 0.1297 mol m–2 s–1) with rice canopy.

Leaf-position-specific and canopy average FvCB 
models: The leaf-position-specific and canopy average 
FvCB models were fitted respectively for leaves at each 
specific position and canopy. The parameters of Vcmax, Jmax, 
Vp, gm, and Rl varied in a wide range of 57.1–218.6 μmol 
m–2 s–1, 68.5–241.9 μmol m–2 s–1, 6.4–15.2 μmol m–2 s–1, 
0.1344–0.3270 mol m–2 s–1, and 1.3–6.1 μmol m–2 s–1 for 
the leaf-position-specific FvCB model, and were 157.7 
μmol m–2 s–1, 167.3 μmol m–2 s–1, 9.7 μmol m–2 s–1, 0.1347 
mmol m–2 s–1, and 3.4 μmol m–2 s–1 for the canopy-average 
FvCB model (Table 2). Generally, the parameters in the 

Fig. 2. Measured response of net photosynthetic rate PN for rice 
leaves at various positions to intercellular CO2 concentration 
Ci. The PN and Ci denote respectively the mean of six measured 
leaf PN and Ci at a certain ambient CO2 concentration for each 
specific leaf position, vertical bars indicate standard deviation 
of mean PN, and Top-1st, Top-2nd, Top-3rd, Top-4th, Top-5th, 
Top-6th, and Top-7th represent the top first to the top seventh leaf, 
respectively.

Table 1. The linear relationship of intercellular CO2 concentration Ci with ambient CO2 concentration Ca, and the critical Ci, Ca and 
net photosynthetic rate PN at which the transition from Rubisco- to RuBP-limited (Ci1, Ca1, PN1, respectively) and from RuBP- to  
TPU-limited (Ci2, Ca2, PN2, respectively) photosynthesis occurred for leaves at different positions. Top-1st, Top-2nd, Top-3rd, Top-4th, 
Top-5th, Top-6th, and Top-7th – the top first to the top seventh leaf, respectively; k – the ratio of Ci to Ca; R2 – coefficient of determination 
for Ci = kCa. Data in row of Ci1, Ca1, PN1, Ci2, Ca2, and PN2 denote ‘average ± standard deviation’, and the average is the mean of six 
derived Ci, Ca or PN at specific leaf position. Different letters represent significant difference in Ci1, Ca1, PN1, Ci2, Ca2 or PN2 between 
leaves at different positions at p<0.05.

Leaf
position

Ci = kCa R2 Ci1

[μmol mol–1]
Ca1

[μmol mol–1]
PN1

[μmol m–2 s–1]
Ci2

[μmol mol–1]
Ca2

[μmol mol–1]
PN2

[μmol m–2 s–1]

Top-1st Ci = 0.710Ca 0.982 270.8 ± 29.8a 378.5 ± 41.6ab 17.8 ± 3.9a 633.0 ± 137.4a    884.6 ± 192.0a 28.7 ± 4.8a

Top-2nd Ci = 0.635Ca 0.991 379.5 ± 60.4b 595.3 ± 94.8c 25.9 ± 2.5b 717.6 ± 71.5ab 1,125.7 ± 112.1b 36.7 ± 1.5b

Top-3rd Ci = 0.624Ca 0.993 382.3 ± 73.7b 610.8 ± 117.8c 23.9 ± 4.1bc 754.5 ± 76.5b 1,205.4 ± 122.2bc 34.8 ± 2.1b

Top-4th Ci = 0.668Ca 0.991 399.8 ± 49.0b 596.8 ± 73.2c 21.1 ± 3.1ac 865.2 ± 91.3c 1,291.4 ± 136.3c 30.4 ± 0.5a

Top-5th Ci = 0.745Ca 0.995 345.9 ± 54.6b 463.7 ± 73.2b 13.8 ± 2.3d 954.5 ± 73.8cd 1,279.7 ± 99.0c 23.9 ± 1.3c

Top-6th Ci = 0.809Ca 0.996 357.3 ± 21.0b 441.0 ± 25.9b 12.2 ± 1.3d 988.6 ± 9.1d 1,220.3 ± 11.2bc 20.3 ± 0.8d

Top-7th Ci = 0.849Ca 0.996 264.8 ± 63.3a 311.3 ± 74.4a   6.4 ± 2.6e - - -



255

VERTICAL PROFILE OF PHOTOSYNTHETIC CO2 RESPONSE

FvCB model of the Top-4th or Top-5th were near to these 
parameters in the canopy-average FvCB model, which 
indicated that the Top-4th or Top-5th represented the 
photosynthetic parameters of rice canopy.

The leaf-position-specific FvCB model performed 
much better than the canopy-average FvCB model 
in estimating leaf PN (Fig. 4). For leaves at different 
positions, the estimated PN based on leaf-position-specific 
FvCB model accounted for 97.8–99.9% of measured PN 
with R2, RMSE, and AE of 0.978–0.999, 0.613–2.767 μmol 
m–2 s–1, and 0.448–2.055 μmol m–2 s–1, while the estimated 
PN based on canopy average FvCB model accounted for 
70.0–197.9% of measured PN with R2, RMSE, and AE 
of 0.902–0.997, 2.488–9.555 μmol m–2 s–1, and 1.901–
8.371 μmol m–2 s–1 (Fig. 4A–G). For all leaves within 
the canopy, the estimated PN based on the leaf-position-
specific FvCB model accounted for 99.4% of measured PN 

with R2, RMSE, and AE of 0.994, 1.472 μmol m–2 s–1, and  
0.962 μmol m–2 s–1, while the estimated PN based on the 
canopy-average FvCB model accounted for 90.2% of 
measured PN with R2, RMSE, and AE of 0.902, 5.750 
μmol m–2 s–1, and 4.426 μmol m–2 s–1 (Fig. 4H). Generally, 
the leaf-position-specific FvCB model performed well 
in estimating PN for all leaves at different positions, and  
the canopy average FvCB model underestimated PN for 
the top four leaves and overestimated PN for the other 
leaves lower than the Top-4th. While the canopy-average 
FvCB model performed well in estimating mixed PN 
from the Top-4th and Top-5th leaves, and the estimated 
PN accounted for 98.0% of measured PN with R2, RMSE, 
and AE of 0.979, 2.521 μmol m–2 s–1, and 2.034 μmol  
m–2 s–1 (Fig. 4I), which meant the integrated PN/Ci curves 
for the Top-4th and Top-5th were appropriate for estimating 
photosynthetic parameters at canopy scale.

Fig. 3. The mean of leaf specific maxi
mum rate of carboxylation Vcmax (A), 
maximum rate of electron transport  
Jmax (B), rate of triose phosphates 
utilization Vp (C), mesophyll diffusion 
conductance gm (D), and light respiration 
rate Rl (E) at specific leaf position 
within rice canopy. Columns denote the 
mean of six parameters in FvCB model 
calibrated based on measured each leaf 
photosynthetic CO2-response curves 
at specific leaf position, bars show the 
standard error of the mean, and Top-1st, 
Top-2nd, Top-3rd, Top-4th, Top-5th, 
Top-6th, and Top-7th represent the top 
first to the top seventh leaf, respectively.

Table 2. The maximum rate of carboxylation (Vcmax), maximum rate of electron transport (Jmax), rate of triose phosphates utilization (Vp), 
light respiration rate (Rl), and mesophyll diffusion conductance (gm) in leaf-position-specific and canopy average FvCB models. Top-1st, 
Top-2nd, Top-3rd, Top-4th, Top-5th, Top-6th, Top-7th – the top first to the top seventh leaf, respectively.

Parameter Leaf-position-specific FvCB Canopy average FvCB
Top-1st Top-2nd Top-3rd Top-4th Top-5th Top-6th Top-7th

Vcmax [μmol m–2 s–1] 177.3 215.5 218.6 157.1 114.3 84.9 57.1 157.7
Jmax [μmol m–2 s–1] 186.8 241.9 240.9 190.9 136.8 108.4 68.5 167.3
Vp [μmol m–2 s–1] 10.8 14.2 13.6 11.7 15.2 15.2 6.4 9.7
Rl [μmol m–2 s–1] 3.9 5.8 6.1 4.7 3.6 2.6 1.3 3.4
gm [mol m–2 s–1] 0.3270 0.2173 0.1763 0.1822 0.1646 0.1911 0.1344 0.1347
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Discussion

The PN initially increased linearly with the increase in Ci, 
then slowly up to the maximum, and kept at a steady state 
(Fig. 2), which was consistent with the previous reports 
(Sharkey et al. 2007). The PN at a certain Ci reached the 
maximum for the Top-2nd leaf and gradually declined 
with lowering leaf position (Fig. 2). Similarly, Wang et al. 
(2009) showed that the PN at PPFD of 1,200 μmol m–2 s–1 
reached the highest value at the last second leaf and then 
decreased gradually in downward leaves at the tillering 
stage (9-leaf stage correspondingly). Xu et al. (2019) 
reported that the light-saturated PN increased to the highest 
value about 10 d after leaf emergence (approximately the 
Top-2nd leaf correspondingly) and then decreased during 
leaf ontogeny at the jointing stage, which also indicated 
that light-saturated PN increased at first and then decreased 
with lowering leaf position, as the new leaf emerged at the 
upper canopy.

The ratio of Ci to Ca decreased to the minimum for 
the Top-3rd leaf and then increased with lowering leaf 
position (Table 1), which was in contrast to the trend of PN  
(Fig. 2). The decrease in PN was commensurate with a 
marked increase in Ci as Ci decreased in intercellular spaces 
as a result of increased carbon fixation (Messinger et al. 
2006). The Ca1 and Ca2 fell in the range of 311.3–610.8 μmol 
mol–1 and 884.6–1,291.4 μmol mol–1, respectively. The 
atmospheric CO2 concentration was about 400 μmol mol–1 
(Zhang et al. 2019); this indicated the leaf PN was limited 
by Rubisco activity or RuBP regeneration under field 
conditions. The results agreed with the neglectful TPU-
limited photosynthesis for numerous leaf photosynthesis 
model (Chen et al. 1999, Yamori et al. 2011).

The Vcmax, Jmax, and Vp in Fig. 3 indicated the 
photosynthesis capacity of rice leaf during Rubisco-limited, 
RuBP-limited, and TPU-limited stages in Fig. 2, and the 

high Vcmax, Jmax, and Vp exhibited high leaf photosynthesis 
capacity (Long and Bernacchi 2003, Sharkey et al. 2007, 
Webster et al. 2016). The vertical profiles of Jmax and Vp 
(Fig. 3B,C) were respectively clearly consistent with the 
variation in PN during RuBP-limited and TPU-limited 
stages (Fig. 2), while the consistency of Vcmax (Fig. 3A) 
with PN was unclear under low CO2 concentration during 
the Rubisco-limited stage (Fig. 2), as the PN was mainly 
affected by mitochondrial respiration. For Vcmax, Jmax, 
and Vp, the variation in leaf nitrogen status might be an 
important trait in interpreting their profile within the rice 
canopy (Yamori et al. 2011). The potential photosynthetic 
capacity of rice leaf was highly related to leaf nitrogen 
content (Xu et al. 2014, Yang et al. 2016), and Vcmax, Jmax, 
and Vp markedly increased with an increasing leaf nitrogen 
content (Nakano et al. 1997, Yin et al. 2009, Gu et al. 
2012). Moreover, the leaf nitrogen content was low for 
the upper new-emerged and unexpanded leaf and usually 
decreased from the top to the bottom of rice canopy for 
the fully expanded leaf (Yang et al. 2014, Okami et al. 
2016), which indicated the patterns of Vcmax, Jmax, and Vp in 
Fig. 3A–C. Furthermore, the Vcmax was positively related 
to both the content and activity of Rubisco (Galmés et al. 
2013) and the Jmax (Chen et al. 1999), Rubisco content  
and activity in rice increased with leaf expanding and 
declined with leaf senescence (Suzuki et al. 2009, Wang 
et al. 2009), which also indicated the patterns of Vcmax and 
Jmax in Fig. 3A,B as new rice leaves emerged at the upper 
canopy.

The ratios of Jmax to Vcmax were 1.05, 1.19, 1.18, 1.22, 
1.07, 1.10, and 1.04 for Top-1st, Top-2nd, Top-3rd, Top-4th, 
Top-5th, Top-6th, and Top-7th leaves (Jmax and Vcmax 
were shown in Fig. 3), contrasting with current terrestrial 
biosphere models, in which Jmax is usually calculated from 
the model-specific Vcmax input using a predetermined and 
constant ratio of Jmax to Vcmax (Gu et al. 2010, Rogers et al. 

Fig. 4. Linear regression of measured photosynthetic rate PNMea with estimated photosynthetic rate PNCal based on leaf-position-specific 
and canopy average FvCB model. Top-1st, Top-2nd, Top-3rd, Top-4th, Top-5th, Top-6th, and Top-7th represent the top first to the top 
seventh leaf, respectively, and n is the total number of PNMea data.
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2017). While the varied ratios of Jmax to Vcmax agreed with  
the increasing research, the relationship between Jmax 
and Vcmax varied with changed leaf attributes (Song et al. 
2021). Moreover, the variation in ratios of Jmax to Vcmax was 
also consistent with the Ci1 (Table 1), as the increase in 
the ratios increased the CO2 concentration at which the 
photosynthetic rate was co-limited by carboxylation and 
regeneration of RuBP (Onoda et al. 2005).

The decreased gm with lowering leaf position was 
similar with decreased gm with leaf age (Flexas et al.  
2008), while was slightly different from positively 
correlated gm with leaf nitrogen (Yamori et al. 2011). 
The vertical profiles of parameters in the FvCB model 
provided important evidence that foliage physiological 
characteristics varied greatly within crop canopy. Coupling 
this information with the vertical distribution of leaf 
attributes, microclimate, etc., within crop canopy will offer 
a theoretical method for upscaling leaf photosynthesis or 
their parameters to canopy scale.
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