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A B S T R A C T

Crop models can support the design of smart crop management practices. The Farquhar-von Caemmerer-Berry
(FvCB) model is increasingly being used in these models for quantifying leaf photosynthesis. Nitrogen (N) is
required for many functional machineries of photosynthesis, thus relationships between FvCB-model parameters
and leaf N content (LNC) should be established. We conducted combined gas exchange and chlorophyll fluo-
rescence measurements on fully expanded leaves of two C3 crops, rice (Oryza sativa) and wheat (Triticum aesti-
vum), and two C4 crops, maize (Zea mays) and sorghum (Sorghum bicolor), grown under three N levels.
Photosynthetic parameters were estimated and linear relationships between these parameters and LNC were
quantified in both C3 and C4 crop types. The efficiency of converting incident light into linear electron transport
for C3 crops or into ATP production for C4 crops showed a weak increase with LNC. The maximum electron
transport rate (Jmax) for C3 crops or the maximum ATP production rate (Jmax,atp) for C4 crops significantly
increased with LNC. The increase in Rubisco carboxylation capacity (Vcmax) with LNC was significantly higher in
C3 than in C4 crops. Triose phosphate utilization for C3 crops and PEP carboxylation capacity (Vpmax) for C4 crops
increased significantly with LNC as well. Except for Jmax at 21% O2 and Vcmax of C3 crops, there was no significant
difference among crops in the relationship between estimated photosynthetic parameters and LNC. The tight
associations of photosynthesis parameters with LNC were discussed in view of decision making on N management
in the context of smart farming.
1. Introduction

Breeding semi-dwarf crop cultivars in the 1960s that could benefit
from an increase in inputs of fertilizer, irrigation water and pesticides has
resulted in the first Green Revolution (Bailey-Serres et al., 2019; Pingali,
2012). Achieving further food security to meet demands for ever growing
populations in a sustainable way requires high yields and efficient
resource use, a great challenge for modern agriculture. Smart farming is
key to fulfilling this challenge in sustainable agriculture (Walter et al.,
2017). Smart farming entails smart crop cultivation tailored to specific
crops grown under specific conditions.

Smart crop cultivation requires in-season adaptive management,
based on crop yield forecasting that is conditional on the status of crop,
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water, and nutrients in the cropping systems. Together with the devel-
opment of unmanned aerial vehicles, the exploitation of remote and
proximal sensing apparatus has become a key to sophisticated in situ
smart crop cultivation in open fields (Walter et al., 2017). For instance,
site-specific crop growth and nitrogen (N) status have been retrieved
from multi- or hyper-spectral images recently (Hank et al., 2019).
However, there is a huge phenotypic gap between retrieved-N and crop
yield. Crop models have long been developed based on crop physiolog-
ical principles and used to predict crop growth and yield in response to
various environmental variables (including N supply), and thus may
serve as a tool to bridge the gap. As photosynthesis is the primary
physiological process in crop production (Lawlor, 1995) and is very
sensitive to environmental conditions and crop management, an accurate
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and robust modelling of photosynthesis or related parameters is a pre-
requisite for crop models in predicting crop growth and yield. Ambient
weather conditions, including solar radiation, air temperature, humidity
and CO2 concentration, have a direct impact on crop photosynthesis.
Agronomic management practices, such as fertilization can also affect the
crop's photosynthetic performance, because they affect canopy devel-
opment and the photosynthetic proteins’ contents, and thus light capture
and gas exchange (McDowell, 2011). Similarly, rainfall and irrigation
determine the soil water balance, thereby indirectly affecting crop
photosynthesis. Crop protection also plays a significant role in main-
taining crop photosynthesis and growth.

Based on their approach of simulating the process of photosynthesis,
crop models can be classified into three categories (Li et al., 2015):
models based on the canopy radiation use efficiency (RUE) (Monteith,
1977), models utilizing the light-response curve of single-leaf photo-
synthesis and integrating it to the canopy level (de Wit, 1978), and
models describing the photosynthetic process via the biochemical model
of Farquhar et al. (1980) (“the FvCB model”, hereafter) and upscaling it
from leaf to canopy. The RUE concept is used in many cropmodels (Boote
et al., 1996) and works fairly well under many conditions (Sinclair and
Rawlins, 1993). However, RUE is a composite parameter that depends
not only on species-related biosynthesis products and photosynthesis
type (Kiniry et al., 1989), but also on leaf physiological status (e.g. N
content) and environmental factors (e.g. temperature, radiation, and
water stress intensity) affecting leaf photosynthetic rate (Sinclair and
Horie, 1989; Sinclair and Muchow, 1999). Without the specific predic-
tion of photosynthetic processes describing an effective RUE, models
based on RUE are hardly convincing under nonoptimal conditions (Boote
et al., 1996), because these crop models lack appropriate algorithms to
describe the effects of complex interactions between multiple environ-
mental and physiological factors on RUE (Yin et al., 2021b). As for the
simple light response models, although the photosynthesis can be
upscaled from leaf to canopy, the interaction effects of multiple factors on
leaf-photosynthesis parameters have not been modelled adequately (Yin
et al., 2021b). The FvCB model is based on the understanding of the
major biochemical component processes of photosynthesis. Its further
developments and extensions have been reviewed recently by Yin et al.
(2021a). Because of its mechanistic level and simplicity, the FvCB model
has been widely used not only for analyzing leaf biochemistry and
quantifying leaf photosynthesis responses under different environmental
conditions (Bernacchi et al., 2001, 2003), but also for upscaling to project
productivities of canopies and ecosystems and to model global carbon
fluxes responding to environmental changes (Rogers, 2014).

The FvCB model predicts the net leaf photosynthetic rate (A) of C3
species as the minimum of the Rubisco-limited (Ac) and electron (e�)
transport-limited (Aj) rate of photosynthesis (Farquhar et al., 1980). The
model for both Ac and Aj accounts for the CO2 released through photo-
respiration, in which oxygenation of ribulose bisphosphate is innately
linked to its carboxylation by Rubisco and potentially reduces the rate of
photosynthesis by over 20% (Ehleringer et al., 1991). Later, it was
modified by adding a third limitation set by triose phosphate utilization
(TPU), in which A may be ceiled by the rate as determined by the export
of triose phosphate (Ap) (Herold, 1980). Maximum rates of these three
limited processes are determined by Rubisco carboxylation capacity
(Vcmax), e� transport capacity (Jmax), and rate of TPU (Tp), respectively.

Compared with C3 photosynthesis, C4 photosynthesis is more
complicated because of its operation of the additional CO2 concentrating
mechanism (CCM) cycle, also called C4 cycle, prior to the C3 cycle as
occurring in C3 photosynthesis. In C4 photosynthesis, CO2 is firstly con-
verted into bicarbonate which is fixed by phosphoenolpyruvate (PEP)
carboxylase (PEPc) into C4-acids in thin-walled mesophyll cells. Then
these C4-acids are transported to thick-walled bundle sheath cells, in
which C4-acids are decarboxylated. The released CO2 is re-fixed via
Rubisco in the C3 cycle. As PEPc has a high affinity to bicarbonate and a
likely higher maximal velocity than Rubisco, the C4 cycle runs faster than
the C3 cycle. This results in CO2 concentrations in bundle sheath cells that
120
are 10- to 20-fold higher than in the mesophyll cells. Therefore, photo-
respiration is suppressed in C4 photosynthesis and this improves the
carboxylation efficiency of Rubisco (Osmond et al., 1982). An FvCB-type
C4 photosynthesis model was developed (von Caemmerer and Furbank,
1999), assuming that reactions of both C4 and C3 cycles are limited by
either enzyme activity or e� transport. Yin et al. (2011b) revised this C4
model, considering that either cycle can be limited by enzyme activity or
by e� transport, and thus there are four possible limitations in the model
for C4 photosynthesis.

Gas exchange measurements of photosynthetic CO2-response curves
have been widely used to estimate parameters of the FvCBmodel (Dubois
et al., 2007; Sharkey et al., 2007). Combined gas exchange and chloro-
phyll fluorescence measurements have also been used to estimate addi-
tional photosynthetic parameters, such as mesophyll conductance (gm)
(Evans and von Caemmerer, 1996), utilizing the fact that photosystem II
(PSII) e� transport efficiency could be assessed by chlorophyll fluores-
cence measurement (Genty et al., 1989). Using combined gas exchange
and chlorophyll fluorescence measurements of both CO2- and
light-response curves, Yin et al. (2009) and Yin et al. (2011b) described
methods to estimate photosynthetic parameters for C3 and C4 photo-
synthesis, respectively. There are many reports on using these methods to
estimate photosynthetic parameters within an individual species. How-
ever, estimating these photosynthetic parameters simultaneously for
major C3 and C4 crops to better support yield forecasting of these crops is
rare.

Key photosynthetic parameters such as Vcmax and Jmax are known to
correlate with leaf N content (LNC) (Evans and Clarke, 2019; Harley
et al., 1992b; Niinemets and Tenhunen, 1997). This is because N is a
key-element in various photosynthetic machineries, such as the light
harvesting complexes, the e� transport systems, the CO2 fixation en-
zymes, and other enzymes (Laisk et al., 2002). Within chloroplasts, 84%
of N is associated with photosynthesis-related proteins and molecules
and 75% of N in mature leaves is present in chloroplasts (Evans and
Clarke, 2019).

In this study, photosynthetic parameters of the FvCB models will be
estimated by combined gas exchange and chlorophyll fluorescence
measurements for four major crops (C3: rice and wheat, C4: maize and
sorghum) under three different N levels. Our objectives are: 1) to quan-
tify photosynthetic parameters for these C3 and C4 crop species; 2) to
quantify the relationships of these parameters with LNC; and 3) to assess
if these relationships differ between different crop species. These re-
lationships are discussed in the context of crop modelling in order to
better support N management in smart production of major crops.

2. Materials and methods

2.1. Plant materials and growth conditions

The experiment was conducted as a split-plot design (crop species as
the whole-plot factor, N treatment as the split-plot factor), with four
replicates. The selected C3 crops were rice (cv. IR64) and wheat (cv.
Paragon), and the C4 crops were maize (cv. P8057) and sorghum (cv.
CSM63E). Seeds were sown in 7-L pots with 5.2 L soil. Soil was prepared
by mixing sandy soil and perlite substrate in equal volumes for wheat,
maize and sorghum while for rice, perlite substrate was substituted by
quartz sand. Plants were grown under well-watered conditions in a
greenhouse of UNIFARM, Wageningen University & Research, the
Netherlands. Natural light was automatically supplemented by an arti-
ficial light source (600 W HPS Hortilux Schr�eder Lamps, Monster,
Netherlands), which was switched on when global solar radiation outside
the greenhouse dropped below 400 W m�2 and switched off when it
exceeded 500 W m�2. The photoperiod was 12 h d�1. The average
temperature was 25–27 �C during the day and 22–23 �C during the night,
and the relative humidity was 60–80%. Nitrogen was supplied weekly
through a nutrient solution and three N levels (low N: 50 mg N; middle N:
300 mg N; and high N: 1000 mg N, per pot) were applied resulting in



Table 1
Pre-set model parameters with their definitions and values.

Parameter Definition C3 species C4 species

Value Reference Value Reference

KmC Michaelis-Menten
constant of Rubisco
for CO2 (μmol
mol�1)

291 Cousins
et al.
(2010)

485 Cousins et al.
(2010)

KmO Michaelis-Menten
constant of Rubisco
for O2 (mmol
mol�1)

194 Cousins
et al.
(2010)

146 Cousins et al.
(2010)

KP Michaelis-Menten
constant of PEPc
for CO2 (μmol
mol�1)

– 40 Leegood and
von
Caemmerer
(1989)

Sc/o Relative CO2/O2

specificity of
Rubisco (mmol
μmol�1)

3.022 Cousins
et al.
(2010)

2.862 Cousins et al.
(2010)

α Fraction of O2

evolution in
bundle sheath cells
(�)

– 0.1 Chapman
et al. (1980)

x Fraction of ATP
used for CCM (�)

– 0.4 von
Caemmerer
and Furbank
(1999)

nb Base leaf nitrogen,
at and belowwhich
leaf photosynthesis
is zero (g N m�2)

– 0.24 Yin et al.
(2011b)
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three different LNC levels. Seeds were sown for four consecutive weeks to
create four replicates of plants so that the workload for measurements
(see below) could be spread over weeks; one leaf was tagged per replicate
for conducting measurements.

2.2. Gas exchange and chlorophyll fluorescence measurements

Measurements were conducted on selected leaves (the 6–8th for rice,
the 6–7th for wheat, the 5th for maize and the 7–8th for sorghum,
counted from below), on average 9 days after full expansion of the leaves.
Simultaneous gas exchange and chlorophyll fluorescence measurements
were conducted over the same leaf area, using an open gas exchange
system Li-Cor 6400XT and an integrated fluorescence chamber head (Li-
Cor, Lincoln, Nebraska, USA). During the measurements, the leaf tem-
perature was set at 25 �C and the leaf-to-air vapour pressure difference
was controlled within a range of 0.6–1.9 kPa.

First, incident irradiance (Iinc) response curves of net photosynthetic
rate (A) at the 21% O2 level were assessed. Photon flux density (at a
red:blue ratio of 90%:10%) was decreased stepwise: 1750, 1000, 500,
200, 150, 100, 70, and 45 μmol m�2 s�1 while keeping ambient CO2 (Ca)
at 400 μmol mol�1. To obtain a CO2 response curve of A at 21% O2, Ca
was first decreased stepwise: 400, 250, 150, 100, and 65 μmol mol�1 and
then increased stepwise: 400, 600, 1000, and 1500 μmol mol�1 while
keeping Iinc at a saturating level, 1750 μmol m�2 s�1, evidenced by the
above observed Iinc response curves at the 21% O2 level. In order to
convert chlorophyll fluorescence-based apparent PSII photochemical ef-
ficiency into linear e� transport for C3 crops and into ATP production rate
for C4 crops (see below), an extra Iinc response curve was measured, in
which photon flux densities were in a decreasing series: 350, 200, 150,
100, 70, and 45 μmol m�2 s�1 while keeping Ca at 1000 μmol mol�1

combined with 2%O2 to ensure a non-photorespiratory condition. All gas
exchange data were measured at a constant flow rate (300 μmol s�1).

At each step in Iinc or Ca, the steady-state fluorescence yield (Fs) was
recorded once A reached the steady state (taking 5 min on average to
reach). Afterwards, the multiphase flash was applied to estimate the
maximum fluorescence yield (Fm0) (Loriaux et al., 2013). The photon flux
density was increased from 2500 to ca 8450 μmolm�2 s�1 (Phase 1), then
attenuated by 40% (Phase 2) and finally increased back to 8450 μmol
m�2 s�1 (Phase 3). Fm0 was estimated as the intercept of the linear
regression of fluorescence yield in Phase 2 against the reciprocal of flash
intensity. The apparent quantum efficiency of PSII e� transport (Φ2) was
calculated as ΔF=Fm

0 ¼ ðFm 0 � FsÞ=Fm 0
(Genty et al., 1989).

All gas exchange data and the CO2 level of the substomatal cavity (Ci)
were corrected for CO2 leakage in the chamber based on apparent CO2

response curves using heat-killed leaves (Flexas et al., 2007), measured
with the same flow rate (300 μmol s�1).

2.3. Leaf N content assessment

A leaf portion from the leaf position used for measuring photosyn-
thesis was excised for N content measurements. For rice and wheat, a 5-6-
cm long part of a leaf was cut down to measure specific leaf area. For
maize and sorghum, a 2-cm2 leaf disk was punched. All leaf materials
were weighed after drying at 70 �C to constant weight. Then, total N
concentration was analyzed using the Micro-Dumas combustion method.
Leaf N content on the area basis (LNC) was derived from these data.

2.4. C3 model

The calculation of Ac and Aj in the FvCB model is proposed as (Far-
quhar et al., 1980):

A ¼ ðCc � Γ*Þx1
Cc þ x2

– Rd (1)

where for Ac, x1 ¼ Vcmax and x2 ¼ KmC(1 þ Oc/KmO); for Aj, x1 ¼ J/4 and
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x2 ¼ 2Γ*. In the model, Cc is the CO2 level at the carboxylation site of
Rubisco and Γ* is the CO2 compensation point in the absence of day
respiration (Rd), defined as 0.5Oc/Sc/o, where Oc is the O2 level in
chloroplasts and Sc/o is the relative CO2/O2 specificity factor for Rubisco
(von Caemmerer et al., 1994). KmC and KmO are Michaelis-Menten con-
stants of Rubisco for CO2 and O2, respectively (Table 1). J is the linear e�

transport rate.
If the TPU limitation occurs, A can be simplified as

Ap ¼ 3Tp � Rd (2)

Overall, the C3 model predicts A as the minimum of three limited
rates of CO2 assimilation:

A ¼ min
�
Ac; Aj; Ap

�
(3)

Eqn (1) uses Cc as input, but Cc is generally unknown. This is
commonly solved by combining Eqn (1) and the Fick's law of gas diffu-
sion Cc ¼ Ci – A/gm, and the obtained solution for A can be expressed as a
quadratic function of Ci (von Caemmerer, 2000). This procedure assumes
that the mesophyll conductance gm is constant (i.e. independent of light
or CO2 levels at the given temperature) based on early reports (e.g. Loreto
et al., 1992). However, our result based on the variable J method of
Harley et al. (1992a) showed that gm was variable, varying with Ci and
light levels (see Results). Thus, we used a simplified version of the model
(Yin et al., 2009), in which a dimensionless parameter δ is introduced
dealing with variable gm (see Appendix A) in such a way that gm values at
various Ci and light levels are emergent properties of the parameter δ (see
later).
2.5. C4 model

For C4 species, A is written as (von Caemmerer and Furbank, 1999):

A ¼ Vp � L � Rm (4)

where Vp is the rate of PEP carboxylation in the mesophyll cells, L is the
CO2 leakage rate from the bundle sheath to the mesophyll, and Rm is the
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mitochondrial respiration rate occurring in mesophyll cells, considered
as Rd/2 (von Caemmerer and Furbank, 1999), where Rd is leaf day
respiration, the same as defined for the C3 model.

The standard C4 model assumes that C4 acid decarboxylation in
bundle sheath cells is not limited and occurs at the same rate as Vp. If Vp is
PEP carboxylase limited, Vp is described as:

Vp ¼ CmVpmax

Cm þ Kp
(5a)

where Vpmax is the carboxylation capacity of PEPc; Kp is the Michaelis-
Menten constant of PEPc for CO2; Cm is the CO2 concentration of meso-
phyll cells, described as Cm ¼ Ci – A/gm, following the Fick's law of gas
diffusion. So far, there is no strong evidence reported for variable gm in C4
species; so, we treated gm as a constant, in contrast with the C3 case. If Vp
is e� transport limited, Vp is expressed as:

Vp ¼ xJatp
�
2 (5b)

where x is the partition fraction of ATP to the C4 cycle and Jatp is the ATP
production rate driven by e� transport. Note that the constant 2 in eqn
(5b) applies to the C4 subtype to which maize and sorghum belong; this
coefficient may need to change if the model is applied to other subtypes
(Yin et al., 2021a).

The term L in eqn (4) is given by:

L ¼ gbsðCc � CmÞ (6)

in which gbs is the bundle sheath conductance and Cc is the CO2 con-
centration at the carboxylation site of Rubisco in bundle sheath cells.

As for the Rubisco carboxylation and oxygenation reactions in the
bundle sheath cells, A can be written, like in the C3 photosynthetic
model, as:

A ¼ ðCc � γ*OcÞx1
Cc þ x2Oc þ x3

� Rd (7)

where γ* is defined as 0.5/Sc/o, Oc is the O2 level at the carboxylation
sites of Rubisco in the bundle sheath cells, described as Oc ¼ αA/
(0.047gbs) þ Oi, where α is the fraction of O2 evolution happening in
bundle sheath cells (von Caemmerer and Furbank, 1999). When enzy-
matic activity limits, x1 ¼ Vcmax, x2 ¼ KmC/KmO and x3 ¼ KmC. When A is
limited by e� transport, x1 ¼ (1 � x)Jatp/3, x2 ¼ 7γ*/3 and x3 ¼ 0 (Yin
et al., 2011b).

Consequently, as the reactions related to both C3 and C4 cycles can be
limited by either enzyme activity or e� transport, the four-limitation C4
model is described as:

A ¼ minðAEE; AET; ATE; ATTÞ (8)

where AEE represents A when both C3 and C4 cycles are limited by
enzyme actions, AET is A when the C4 cycle is limited enzymatically and
the C3 cycle is limited by e� transport, ATE is A when the C4 cycle is
limited by e� transport and the C3 cycle is limited enzymatically, and ATT
means A when both cycles are limited by e� transport. Mathematical
solutions to AEE, AET, ATE, and ATT are from Yin et al. (2011b) and are
given in Appendix B.
2.6. Estimation steps of model parameters

The procedures of Yin et al. (2009) and Yin et al. (2011b) are adopted
to estimate C3 and C4 photosynthetic parameters, respectively.

2.6.1. Estimating calibration factor (s) and day respiration (Rd)
To convert chlorophyll fluorescence-based data for PSII e� transport

efficiency into linear e� transport rate J (C3) or to ATP production rate
Jatp (C4) as required by their respective models (see Eqn (1) and Eqn (7)),
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it is necessary to obtain a calibration factor based on measurements
under non-photorespiratory condition (Bernacchi et al., 2003; Valentini
et al., 1995). We followed the procedure of Yin et al. (2009) and Yin et al.
(2011b) for C3 and C4 models, respectively, for this calibration. Unlike
other calibration methods, their procedure simultaneously provides an
estimate of Rd, because the calibration factor s and day respiration Rd
were estimated as the slope and intercept, respectively, of the linear
regression of A against IincΦ2/4 for C3 species (Yin et al., 2009) and of A
against IincΦ2/3 for C4 species (Yin et al., 2011b), using data under the
non-photorespiratory condition. Different stoichiometric coefficients (4
vs 3) were used to agree with the Aj submodel, which was formulated in
terms of e� and ATP demands by the C3 cycle for C3 and C4 models,
respectively (see the e� transport limited part of Eqn (1) and Eqn (7)). To
distinguish them, the slope factor was denoted as sc3 and sc4 for C3 and C4
species, respectively. The selected data for this linear regression was from
combined measurements of gas exchange and chlorophyll fluorescence
within the e� transport-limited range (i.e. with Iinc between 20 and 200
μmol m�2 s�1) under non-photorespiratory conditions (keeping Ca at
1000 μmol mol�1 combined with 2% O2, which is supposed to suppress
photorespiration).

2.6.2. Estimating PSII electron transport efficiency under limiting light
(Φ2LL)

Φ2LL was estimated by fitting the light response curve of Φ2 to the
equation (Yin et al., 2009):

Φ2 ¼
�
α2LLIincβ þ J2max

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðα2LLIincβ þ J2maxÞ2 � 4θ2J2maxα2LLIincβ

q ��
ð2θ2α2LLIincβ=Φ2LLÞ

(9)

where α2LL is the quantum efficiency of PSII e� transport under limiting
light on the combined PSI- and PSII-absorbed light basis and given as
Φ2LL(1 – fcyc)/[Φ2LL/Φ1LLþ (1 – fcyc)], in which fcyc is the fraction of e� at
PSI that follow cyclic e� transport around PSI and Φ1LL is the quantum
efficiency of PSI e� transport under limiting light on the PSI-absorbed
light basis. β is the leaf absorptance by photosynthetic pigments, J2max
is the maximum rate of all e� transport through PSII under saturated light
(J2) and θ2 is the convexity factor for response of J2 to absorbed photon
flux density (Iabs). Since θ2 andΦ2LL are not affected by the various values
of fcyc or Φ1LL, arbitrary yet physiologically relevant values of fcyc (e.g. 0)
or Φ1LL (e.g. 1.0) can be used to estimated Φ2LL (Yin et al., 2009). Thus,
with measured Iinc, β andΦ2,Φ2LL, θ2 and J2max can be fitted as output. As
estimated θ2 and J2max are not used in the FvCB model, only Φ2LL will be
discussed later.

2.6.3. Calculating electron transport parameters
Once s andΦ2LL are known, for C3 species, the efficiency of converting

incident irradiance into linear e� transport (κ2LL) can be calculated as
sc3Φ2LL (Yin et al., 2009). Following a standard model, the light response
curve of the calculated J can be described by:

C3 : J ¼
�
κ2LLIinc þ Jmax

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðκ2LLIinc þ JmaxÞ2 � 4θJmaxκ2LLIinc

q ��
ð2θÞ

(10a)

where Jmax is the light-saturated maximum value of linear e� transport
rate, and θ is a curvature factor. Values of Jmax and θ can be estimated by
fitting eqn (10a) to the data for the light response curve of the calculated
J (¼ sc3IincΦ2).

Compared with C3 species, energy supply is more complex in C4
species because of the coordinated functioning of mesophyll and bundle
sheath cells. Nonetheless, as energy is highly likely to be shared between
the two types of cells (Kanai and Edwards, 1999), modelling energy



Table 2
Model parameters to be estimated.

Parameter Definition

gbs Bundle sheath diffusion conductance (mol m�2 s�1)
gm Mesophyll diffusion conductance (mol m�2 s�1)
Jmax Maximum rate of linear e� transport for C3 species under saturated light

(μmol e� m�2 s�1)
Jmax,atp Maximum chloroplastic ATP production rate for C4 species under

saturated light (μmol ATP m�2 s�1)
Rd Day respiration (μmol CO2 m�2 s�1)
sc3 A lumped parameter as the calibration factor for C3 species (mol CO2

(mol CO2)�1)
sc4 A lumped parameter used to estimate Rd for C4 species (mol ATP (mol

e�)�1)
Tp Rate of triose phosphate export from the chloroplast (μmol phosphate

m�2 s�1)
Vcmax Maximum rate of Rubisco activity-limited carboxylation (μmol CO2 m�2

s�1)
Vpmax Maximum rate of PEPC activity-limited carboxylation (μmol CO2 m�2

s�1)
χgbs Linear slope of bundle-sheath conductance versus (LNC – nb) (mmol CO2

g�1 N s�1)
χJmax Linear slope of Jmax versus LNC (μmol e� g�1 N s�1)
χJmax,atp Linear slope of Jmax,atp versus LNC (μmol ATP g�1 N s�1)
χTp Linear slope of Tp versus LNC (μmol phosphate g�1 N s�1)
χVcmax Linear slope of Vcmax versus LNC (μmol CO2 g�1 N s�1)
χVpmax Linear slope of Vpmax versus LNC (μmol CO2 g�1 N s�1)
δ Parameter to quantify the variable gm, representing the carboxylation to

mesophyll resistance ratio (�)
κ2LL Conversion efficiency of incident light into linear e� transport for C3

species at the strictly limiting light level (mol e� (mol photon)�1)
κ2LL,atp Conversion efficiency of incident light into ATP production for C4

species at the strictly limiting light level (mol ATP (mol photon)�1)
Θ Convexity factor for response of e� transport or of ATP production to

incident light (�)
Φ2LL Φ2 at the strictly limiting light level (mol mol�1)
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supply or production rate as a whole is pragmatic and sufficient for our
analysis on the basis of measurements of photosynthetic quantum yield
and PSII photochemical efficiency conducted on the whole leaf (von
Caemmerer and Furbank, 1999; Yin and Struik, 2012). This is achieved
using a factor, x, for energy partitioning to the C4 cycle, and (1 � x) for
partitioning to the C3 cycle (see eqn (5b) and eqn (7), respectively). Thus,
for C4 species, Jatp can be calculated as Jatp ¼ sc4IincΦ2=ð1 � xÞ (Yin
et al., 2011b). Alike with Eqn (10a), the light response curve of Jatp can be
described as (Yin et al., 2011b):

C4 : Jatp ¼
�
κ2LL;atpIinc þ Jmax;atp

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
κ2LL;atpIinc þ Jmax;atp

�2 � 4θJmax;atpκ2LL;atpIinc
q ��

ð2θÞ
(10b)

where κ2LL,atp, the efficiency of converting incident light into ATP under
limiting light, was calculated by sc4Φ2LL/(1� x). Thus, the light-saturated
maximum value of ATP production rate, Jmax,atp, can be estimated from
fitting Eqn (10b) to the light response curve of the calculated Jatp.

2.6.4. Estimating Tp and δ
Since prediction of Ac is affected by possible uncertainties of KmC and

KmO (see sensitivity analysis later), gm was estimated after embedding
J ¼ sc3IincΦ2 into the Aj model (see eqns A1 and A2 in Appendix A) for
C3 species (Yin et al., 2009). Hence, the parameter δ in the gm model and
Tp were parameterized together using measured data under limiting light
(Iinc< 200 μmol m�2 s�1) of the A-Iinc curves and higher ambient CO2 (Ca
> 400 μmol mol�1) of the A-Ci curves where A is expected to be limited
either by e� transport or by TPU.

2.6.5. Estimating Vcmax and other parameters
In our study, in order to have a better fit of measured data, Jmax and θ

for C3 species were estimated together with Vcmax by fitting the complete
C3 model (see Appendix A) combined with Eqn (10a) based on the whole
dataset, using estimated Rd, κ2LL, δ and Tp as input. As Jmax differed be-
tween non-photorespiratory and photorespiratory conditions, the
dummy variable method (Yin et al., 2009) was used for the different
values of Jmax under 21% and 2% O2 conditions.

For C4 species, with estimated Rd and sc4 as input, the complete C4
model (see Appendix B) combined with Jatp ¼ sc4IincΦ2=ð1 � xÞ was
used for estimating gbs, Vcmax and Vpmax simultaneously from fitting to the
whole dataset. As gm is less important than gbs in C4 species, in order to
reduce over-fitting, an overall estimate for gm was made and gbs was
estimated based on the proven linear relationship between gbs and (LNC –

nb), where nb is the base leaf N, at which leaf photosynthesis reduces to
zero (Retta et al., 2016; Yin et al., 2011b).

2.6.6. Calculating the dependence of gm in C3 species in response to Ci and
Iinc

Once all parameters were obtained, the dependence of gm on light and
CO2 in C3 species was back-calculated based on the following equation by
Yin et al. (2009):

gm ¼ A þ δðA þ RdÞ=ðCi � Γ*Þ (11)

where A is modelled net CO2 assimilation rate for specific light and CO2
levels.
2.7. Model input constants and statistical analyses

As many parameters of the FvCB model and its C4 equivalents are
conserved, we set these conserved parameters to constant values
(Table 1). The definitions of estimated model parameters are listed in
Table 2.

Simple linear regression was carried out by Microsoft Excel. Non-
linear regression was performed in SAS using the GAUSS method in
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PROC NLIN (SAS Institute Inc, Cary, NC, USA). Data for individual rep-
licates were pooled to obtain robust parameter estimates for each
treatment.

The difference between C3 and C4 species in LNCwas evaluated by the
use of the Student's t-test in Excel. Photosynthetic parameters were lin-
early regressed against LNC, for which only the estimates of the param-
eter for N treatments were used. Analysis of covariance (ANCOVA) was
conducted in R (R Core Team, 2021) to examine any significant differ-
ences in the regression equations between crops.

3. Results

3.1. Effects of N supply on photosynthetic capacity Amax

Measured A while keeping incident Iinc at 1750 μmol m�2 s�1 and Ca
at 400 μmol mol�1 in A-Iinc curves were recorded as Amax. When O2 level
decreased from 21% to 2%, Amax increased in rice and wheat due to
suppressed photorespiration; but this increase was very small in maize
and sorghum as a result of the operation of CCM in C4 species (Fig. 1).
Under the same leaf N conditions, Amax of maize was higher than that of
sorghum and there was a significant difference in the intercept of their
regression equations for the Amax-LNC linear plot (p < 0.05). Moreover,
the linear regression equation of Amax versus LNC for C4 species differed
significantly from that for C3 species under both O2 conditions in terms of
either slope or intercept (p < 0.05) (Table S1). The increasing trends of
Amax of rice and wheat were similar when LNC ranged from 0.59 to 1.44
g N m�2, but LNC of wheat plants of the high-N treatment reached 2.21 g
N m�2 and Amax at this high LNC tended to level off (Fig. 1a).
3.2. Estimations of calibration factor and day respiration Rd

Calibration factor and Rd were estimated by linear regression (Fig. 2).
Estimated values of sc3 were in the range of 0.455–0.582 mol CO2 (mol



Fig. 1. Measured Amax (maximum rate of light saturated assimilation at ambient CO2 level) in relation to LNC (leaf nitrogen content) for rice (circles), wheat (squares),
maize (diamonds) and sorghum (triangles) under conditions of 21% (a) and 2% O2 (b). Data points are shown with bars for standard errors of the means.

Fig. 2. Linear regression of assimilation rate A against IincΦ2/4 of rice (a), wheat (c), and of A against IincΦ2/3 of maize (b) and sorghum (d) under low- (open circles),
middle- (open squares), and high- (open triangles) nitrogen supply, respectively. Measurements were conducted under non-photorespiratory condition. Each data
point reflects measurement of individual replicate. The intercept of the regression represents the estimation of day respiration (Rd), and the slope represents the
estimation of the calibration factor (i.e. sc3 for rice and wheat, and sc4 for maize and sorghum; see the text).
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Fig. 3. Calibration factor for C3 crops sc3 or for C4 crops sc4 (a) and day respi-
ration Rd (b) in relation to leaf nitrogen content (LNC). Rice (circles), wheat
(squares), maize (diamonds) and sorghum (triangles). The vertical bars repre-
sent the standard errors of the estimates.
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CO2)�1 and sc4 varied from 0.277 to 0.370 mol ATP (mol e�)�1. The linear
relationship between sc3 of C3 crops and LNC was non-significant (p >

0.05) (Fig. 3a). Likewise, sc4 increased with LNC for C4 crops, but non-
significantly (p > 0.05) (Fig. 3a). The estimated Rd increased with LNC,
Table 3
Estimated (standard error in brackets if applicable) of Φ2LL and κ2LL or κ2LL,atp. Estim

Parameter Low nitrogen Mid nitrogen

Rice
LNC (g N m�2) 0.593 (0.032) 0.856 (0.038
Φ2LL (mol mol�1) 21% O2 0.645 (0.026) 0.681 (0.010

2% O2 0.626 (0.040) 0.671 (0.015
κ2LL

a [mol e� (mol photon)�1] 21% O2 0.293 0.360
2% O2 0.285 0.355

Maize
LNC (g N m�2) 0.361 (0.018) 0.500 (0.051
Φ2LL (mol mol�1) 21% O2 0.593 (0.016) 0.605 (0.007

2% O2 0.581 (0.019) 0.591 (0.009
κ2LL,atp

a [mol ATP (mol photon)�1] 21% O2 0.279 0.279
2% O2 0.273 0.273

a Since κ2LL and κ2LL,atp were calculated as sc3Φ2LL and sc4Φ2LL/(1 � x) (see materials
for these variables.
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but non-significantly in both C3 and C4 crops (p > 0.05) (Fig. 3b). More-
over, there was no significant (p > 0.05) difference in these regressed
linear equations between rice andwheat, nor betweenmaize and sorghum.

3.3. Estimations of photosynthetic efficiency parameters

EstimatedΦ2LL ranged from 0.49 to 0.70 mol mol�1 and was higher in
C3 species than in C4 species under both 21% and 2% O2 levels (Table 3).
The increase of Φ2LL with LNC for both C3 and C4 species was non-
significant (p > 0.05) under any of the two O2 levels (Table S1). Φ2LL
changed slightly with increasing O2 level from 2% to 21% and the ratio of
estimated value of Φ2LL under 21% and 2% O2 levels varied from 1.02 to
1.07 among the four species.

The estimated κ2LL values of the C3 species were in the range of
0.285–0.389mol e� (mol photon)�1 and κ2LL,atp of C4 species varied from
0.254 to 0.382 mol ATP (mol photon)�1. As κ2LL and κ2LL,atp were
calculated from calibration factor (sc3 and sc4) and Φ2LL (which both
varied slightly with LNC), it follows that κ2LL and κ2LL,atp increased with
increasing LNC (Table 3).

3.4. Estimation of CO2-diffusion parameters

For rice and wheat, we first calculated gm using the commonly used
method of Harley et al. (1992a), which showed that gm varied with Ci and
Iinc and was zero at the zero irradiance (Fig. S1). We thus incorporated
the variable-gm formula into the FvCB equation for Aj to estimate the
parameter δ (see Appendix A). The calculated gm at Amax from using this
variable-gm algorithm, i.e. eqn (11), had a good linear relationship with
LNC as well (Fig. 4a). If LNC was at the same level, gm of rice tended to be
higher than gm of wheat (Fig. 4a).

With respect to C4 species, we were not able to judge whether or not
CO2-diffusion parameters are variable, so an overall gm was estimated
from fitting the C4 model (Appendix B) to measurements. The estimated
gm was 2.99 (s.e. 0.65) and 1.87 (s.e. 0.28) mol m�2 s�1 for maize and
sorghum, respectively, which were - not surprisingly - higher than the
values of the C3 species. gbs was estimated under different N supplies and
both the estimated gbs and its response slope to LNC were lower in maize
than in sorghum (Fig. 4b).

3.5. Estimations of photosynthetic capacity parameters and their linear
slopes with LNC

There were significant and positive linear relationships between
estimated photosynthetic capacity parameters and LNC (Table S1).
Within C3 species, the regression slope of Jmax versus LNC (χJmax) of rice
was significantly (p < 0.05) higher than that of wheat, while the differ-
ence of the intercept was non-significant (p > 0.05), as reflected by the
higher values of estimated Jmax of wheat than rice under low N input but
ates are made separately for different O2 conditions.

High nitrogen Low nitrogen Mid nitrogen High nitrogen

Wheat
) 1.429 (0.068) 0.724 (0.054) 1.444 (0.115) 2.208 (0.068)
) 0.683 (0.006) 0.618 (0.025) 0.631 (0.012) 0.699 (0.013)
) 0.669 (0.009) 0.557 (0.021) 0.601 (0.018) 0.660 (0.013)

0.366 0.323 0.367 0.389
0.359 0.292 0.350 0.367

Sorghum
) 1.090 (0.068) 0.511 (0.042) 0.849 (0.063) 1.168 (0.055)
) 0.601 (0.003) 0.594 (0.023) 0.531 (0.007) 0.649 (0.016)
) 0.586 (0.005) 0.565 (0.018) 0.489 (0.008) 0.618 (0.020)

0.371 0.296 0.276 0.382
0.362 0.282 0.254 0.364

and methods) for C3 and C4 crops, respectively, standard errors are not available



Fig. 4. Mesophyll conductance gm (a) of rice (circles) and wheat (squares) and bundle-sheath conductance gbs (b) of maize (diamonds) and sorghum (triangles) in
relation to leaf nitrogen content (LNC). In Panel a, gm represents the value of gm when A reached Amax (i.e. keeping Iinc at 1750 μmol m�2 s�1 and Ca at 400 μmol
mol�1). The estimated gbs of maize and sorghum were calculated from the equation, gbs ¼ χgbsðLNC � nbÞ; where the linear slope χgbs was estimated, together with
other parameters, from fitting the full C4 model to the whole data of each crop (see the text); thus, there are no R2 and p values for the equations in Panel b.
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lower values for wheat under high N input (Fig. 5a). For the C4 crops,
Jmax,atp of maize was higher than that of sorghum, although there was no
significant difference (p > 0.05) between regressed linear equations of
Jmax,atp versus LNC in both crops.

The estimate of Vcmax increased with LNC in both C3 and C4 species
(Fig. 5b) and the equation of Vcmax versus LNC for C3 species was
significantly (p < 0.01) different from that for C4 species in the intercept,
but not in the slope (χVcmax) (p > 0.05). Moreover, χVcmax of rice was
significantly (p< 0.05) higher than that of wheat. However, the response
of Vcmax to LNC was weak in C4 species and there was no significant (p >
0.05) difference between maize and sorghum (Fig. 5b).

The estimate of Tp in C3 species (Fig. 5c) and that of Vpmax in C4
species (Fig. 5d) increased with LNC. But the trend of Tp with LNC did not
differ significantly (p > 0.05) between rice and wheat, nor did that of
Vpmax with LNC between maize and sorghum.

Together with above mentioned photosynthetic capacity parameters
in C3 and C4 species, the convexity factor θ was estimated. The overall
estimated θ was 0.84 (0.02) and 0.81 (0.02) for rice and wheat, respec-
tively, while its value was up to 0.98 (0.01) and 0.99 (0.01) for maize and
sorghum, respectively (results not shown).
3.6. Modelled CO2 and irradiance responses of net assimilation rate

The modelled versus measured A-Ci and A-Iinc curves across crop
species � N supply combinations are shown in Fig. S2. A increased
with N supply and such an effect tended to be enlarged when sup-
pressing O2 level from 21% to 2%. Meanwhile, modelled A-Ci and A-
Iinc curves were slightly underestimated in low and middle N supply
treatments when Iinc was higher than 500 μmol m�2 s�1 or Ca was kept
higher than 400 μmol mol�1, but overestimated when there was high
N input (Fig. S2). Notably, both in maize and sorghum, the modelled A
with response to Ci fluctuated under low and middle N input condi-
tion, as a result of fluctuations in the measured Φ2 that were used as
input to calculate Jatp for model fitting. Nonetheless, our results
showed that overall, both C3 and C4 photosynthetic models fitted data
well (R2 > 0.98).
3.7. Sensitivity analysis

Fig. S3 shows the relative changes of the estimated Jmax and Vcmax for
C3 species with up to � 50% change in input parameter values. As
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expected, the enzyme-related pre-set parameters, like KmC, KmO and Sc/o
hardly had any influence on the estimates of Jmax (Figs. S3a–c). Vcmax
seemed to linearly change with KmC (Fig. S3a). However, the linear
change of Vcmax with KmO and Sc/o only existed when their values were
lower than the pre-set values (Figs. S3b and c). Regarding the sensitivity
to the previous estimated parameters, Vcmax and Jmax hardly changed
with Rd (Fig. S3d) while κ2LL and Tp tended to have a slight influence on
the estimates of Vcmax and Jmax and δ changed the estimates of Vcmax
significantly (Figs. S3e–g).

For C4 species, the changes in pre-set and estimated parameters were
mostly reflected in changes in χgbs (Fig. S4). Except for α, most of these
parameters can have a noticeable influence on χgbs (Fig. S4). Kp and Rd
can cause a notable change in gm (Figs. S4c and g). The change in Vcmax
was slightly affected by KmC, KmO and Sc/o (Figs. S4a,b,d). Compared with
other parameters, Vpmax was more likely to be influenced by Kp (Fig. S4c).
nb showed, not surprisingly, a systematic influence on the estimates of
χgbs and the relationship between nb and χgbs tended to be positively
linear (Fig. S4f).

4. Discussion

Major cereal crops (rice, wheat, maize, and sorghum) grow on a
global cultivation area of almost 700 million hectares, and supply
approximately 50% of the world's caloric intake (Singer et al., 2019). In
order to support smart farming, an accurate prediction of growth of
major crops is essential. Photosynthesis is the primary process of crop
growth and responds to variations in multiple environmental variables
and management manipulations (in particular, N supply). The model of
Farquhar et al. (1980) has been proven to be essential for modelling leaf
photosynthesis in response to interactions of multiple physiological and
environmental variables, and can be used as the basic model for
upscaling to canopy and crop scales (Gu et al., 2014; Yin and Struik,
2017). However, reports about estimating and comparing photosynthetic
parameters for these major crops together are quite rare, as most studies
mainly focus on a single crop (e.g. Qian et al., 2012; Retta et al., 2016; Yin
et al., 2009). Here, in our study, the primary photosynthetic parameters
for four major crops, two C3 species (rice and wheat) and two C4 species
(maize and sorghum) were quantified together. Although our estimated
parameter values were subject to uncertainties in input constants of the
FvCB model (Figs. S3 and S4), our results could serve as a referenced
dataset in related research.
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4.1. Effects of LNC on photosynthetic capacity

Photosynthetic capacity Amax has been found to be highly, positively
correlated with LNC (Yoshida and Coronel, 1976), and R2 for the linear
regression is up to 0.80 (Field and Mooney, 1983). Furthermore, N
related proxies have also been found to linearly increase with Amax under
ambient or enhanced CO2 condition, like leaf chlorophyll content (R2 >

0.95) (Wong, 1979). Our results showed that with an increase in LNC, the
linear slopes of Amax to LNC were ranging from 14.71 to 30.83 μmol CO2
g�1 N s�1 and, except for wheat, R2 values were higher than 0.99 (Fig. 1).
The steeper slope of Amax with respect to LNC in C4 species is in line with
earlier reports (Anten et al., 1995; Byrd et al., 1992; Sage and Pearcy,
1987). This is basically because of the higher efficiency of carboxylation
of Rubisco associated with the CCM in the C4 photosynthetic pathway
(Black Jr, 1973; Schmitt and Edwards, 1981), as evidenced by the
increased slope values for C3 crops when O2 was decreased to 2%
(Fig. 1b).
Fig. 5. Estimated maximum rate of linear electron transport Jmax (for rice and whe
maximum rate of Rubisco carboxylation Vcmax (b), rate of triose phosphate utilization
maize and sorghum) (d) in relation to leaf nitrogen content (LNC) for rice (circles
condition. Rice and wheat had different estimates of Jmax under 21% and 2% O2 level
only Jmax under 21% O2 level is shown. Data points are shown with standard errors
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4.2. Estimated biochemical parameters of photosynthetic capacity and
their relationships with N

LNC significantly (p < 0.001) differed between C3 and C4 species. For
example, LNC of rice was 1.6 times the value of maize (Table 3). Vcmax,
Jmax and Tp increased with increasing LNC (Harley et al., 1992b). Our
results confirmed the linear increase of these photosynthetic parameters
with LNC in rice and wheat (Fig. 5a–c). Values of Vcmax of rice and wheat
tended to be higher than those of maize and sorghum at the same LNC
(Fig. 5b), which may indicate that a lower amount of Rubisco is required
in C4 species for achieving the same rate of CO2 assimilation as in C3
species. The values of estimated Jmax of rice and wheat varied from 73.3
to 343.1 μmol e� m�2 s�1 under 21% and 2% O2 conditions, higher than
those of previous studies (Li et al., 2009; Yin et al., 2009). The LNC of
wheat was significantly (p < 0.01) higher than that of rice, and this was
compensated for by the significantly higher estimated χJmax under 21%
O2 conditions in rice than in wheat. The lower χJmax of wheat was in line
with the small increment of Amax under high N condition (Fig. 1), which
at) or maximum rate of ATP production Jmax,atp (for maize and sorghum) (a),
Tp (for rice and wheat) (c), and maximum rate of PEP carboxylation Vpmax (for
), wheat (squares), maize (diamonds) and sorghum (triangles) under 21% O2

s (see the text), but in order to make them comparable with maize and sorghum,
of the estimates.



D. Wang et al. Crop and Environment 1 (2022) 119–132
indicates that the increasing trend of A with LNC would be ceased while
plant growth is no longer limited by N supply (Hirose, 1984). For
example, more than one third of the ability of carboxylation by Rubisco
in wheat leaves would be inactivated once carboxylation excesses 155
μmol m�2 s�1, although more N tends to be accumulated (Evans, 1983).

Estimated values of Vcmax for C4 species ranged from 18.3 to 59.6
μmol CO2 m�2 s�1 (Fig. 5b) and Vpmax varied from 24.0 to 113.4 μmol
CO2 m�2 s�1 (Fig. 5d), in line with earlier reports (Ghannoum et al.,
2000) and both of them varied in proportion to LNC (Retta et al., 2016;
Yin et al., 2011b). The estimated Vpmax also tended to have a higher value
than Vcmax and the slopes of the regressed equation of Vpmax on LNC
(χVpmax) were 2.6 and 2.7 times values of χVcmax in maize and sorghum,
respectively (Fig. 5d). The higher Vpmax than Vcmax has also been
observed in sugarcane when varying N supply (Vpmax ¼ 1.3Vcmax)
(Tofanello et al., 2021). Higher values of Vpmax than Vcmax, combined
with a lower Michaelis-Menten constant value of PEPc than of Rubisco
for CO2 (Table 1), guarantees the faster C4 cycle than the C3 cycle,
thereby, effectively sustaining the CCM in C4 photosynthesis.

4.3. Estimations of Rd and its relationship with N

Environmental conditions also affect respiration. For instance,
increased respiration rate of rice tends to be the primary cause of its yield
losses under high temperature, while the photosynthetic rate hardly
changed (Li et al., 2021). With respect to N response, earlier research has
reported that leaf respiration occurring in the dark (Rdk) scales with LNC
in several trees and shrubs (Ryan, 1995). Reich et al. (2008) demon-
strated the strong relationship between Rdk and leaf N by utilizing a
database containing 287 species. It has also been reported that the esti-
mated Rd of maize generally increases with LNC (Retta et al., 2016). In
our study, we also found Rd increased with N application and there was a
linear relationship between Rd of C3 and C4 species and LNC, although
the correlation was weaker for the C4 species than for the C3 species
(Fig. 3b). Meanwhile, in line with the results in earlier reports that the
estimated Rd of maize was higher than those of rice and wheat (Griffin
and Turnbull, 2013; Yin et al., 2011a), we also found that the estimated
Rd of sorghum, a common C4 species, was also higher than the estimated
Rd of rice and wheat (Fig. 3b). This is in contrary to the expectation that a
higher observed LNC is supposed to lead to higher respiration costs
(Mooney and Gulmon, 1982) as protein turnover represents a consider-
able expenditure of energy and thus associates with a significant pro-
portion of leaf respiration (Penning de Vries, 1975). The reasons for
higher Rd in C4 than in C3 crops need further studies to elucidate.

4.4. Estimation of gm and gbs

gm may limit A by 20% in C3 species (Warren, 2008). The analysis of
our data using the variable J method (Harley et al., 1992a) confirmed
that gm of rice and wheat varied with Ci and Iinc (Fig. S1). The estimated
gm was lower than 0.8 mol m�2 s�1 (Fig. S1), in line with the results of
von Caemmerer and Evans (2015) derived from the gas exchange and
carbon isotope discrimination measurements. gm of rice tended to be
higher than that of wheat under different N supplies (Figs. S1 and 4a),
compared with different gm between the two crops reported by Ouyang
et al. (2017). It has been found that there is a positive linear correlation
between gm and Amax (R2 ¼ 0.84) (von Caemmerer and Evans, 2015). We
also found that gm under the condition where Amax was measured tended
to linearly increase with LNC (Fig. 4a). C4 species has a higher gm than C3
species, because gm in C4 species arises from only the mesophyll cell-wall
and plasma membrane resistance whereas gm in C3 species additionally
includes resistance components from chloroplasts (Evans, 1996). In our
estimates, gm for maize and sorghum were 2.99 (0.65) and 1.87 (0.28)
mol m�2 s�1, respectively, similar to the estimates of Yin et al. (2011b)
for maize.

Compared with gm, gbs is crucial in C4 photosynthesis as it determines
the efficiency of the CCM (Kromdijk et al., 2014) and tends to be more
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likely affected by pre-set model constants (Fig. S4). Under N deficient
conditions, a low gbs helps maintain high CO2 concentration at Rubisco
sites in compensation for the low PEPc activity (Tofanello et al., 2021).
Our results also showed that estimated gbs of maize and sorghum based
on the assumed linear relationship of gbs with LNC fitted data well, in line
with the early reports about maize (Retta et al., 2016; Yin et al., 2011b).
Like the observed difference of gm in different C3 species, gbs varied be-
tween species as well and the estimated gbs of sorghum was notably
higher than the estimates for maize (Fig. 4b). A recent study showed that
the increase in gbs with LNC can hardly be explained by leaf anatomical
traits, but is more likely associated with plasmodesmata density and
membrane permeability (Retta et al., 2016). This is in line with the
significantly enhanced expression of the plasma membrane intrinsic
protein in Cleome gynandra (C4) (Brautigam et al., 2011), which could
confer higher permeability to CO2 (Weber and von Caemmerer, 2010).

4.5. Implications of N response of photosynthetic parameters for smart
crop management

Given the above-discussed crucial roles of N in affecting photosyn-
thetic parameters and also considering the N effect on other aspects of
crop growth, N management is central to precision cultivation of crops.
Nitrogen management can be optimised with the diagnosis of crop N
status. With well estimated photosynthetic parameters, crop models can
predict real-time course of crop growth, thereby, potentially being able to
support real-time crop N management.

Photosynthetic parameters may be estimated directly from exploring
modern technologies. Jmax has been directly retrieved from hyperspectral
reflectance for quantifying seasonal and stressful photosynthetic changes
(Lawson et al., 2020). Large seasonal and spatial variations in Vcmax have
also been observed, especially for diverse crop rotation systems, based on
the mapped global canopy Vcmax from 11 years of satellite chlorophyll
fluorescence records (He et al., 2019). For instance, a higher Vcmax of
winter wheat was observed in spring than Vcmax of maize in the summer
in Shandong, China (He et al., 2019), in line with the differences of Vcmax
for wheat and maize in our estimates (Fig. 5b). Nonetheless, until now,
studies about directly estimating other photosynthetic parameters, such
as Tp and Vpmax, or in other major field crops are scarce. However,
methods to retrieve crop N status have been developed previously at
different temporal and spatial resolutions from remote and proximal
sensing images (Berger et al., 2020). By means of retrieving crop N, these
key photosynthetic parameters can be indirectly retrieved from hyper-
spectral imagery based on our established correlation between photo-
synthetic parameters and LNC.

With the predicted photosynthetic parameters, photosynthetic ca-
pacity at the leaf level can be estimated. After up-scaling to the canopy
photosynthesis, together with other growth and development processes,
crop growth and its responses to weather, soil and field management can
be estimated quantitatively by crop models. Correspondingly, according
to actual crop growth status and predicted crop growth, the decisions of
the adaptation of N fertilizer to the target yield or to environmental
objectives can be made before the date of actual N applications. Thus, the
identified relationship between estimated photosynthetic parameters
and LNC in our study can serve for large scale photosynthetic parameter
estimation by means of N retrieving from remote and proximal sensing
images and be supportive the optimization of N management in smart
crop cultivation. This is an area of our ongoing investigation.

5. Concluding remarks

We estimated photosynthetic parameters for four major crops, two C3
species (rice and wheat) and two C4 species (maize and sorghum), as well
as their relationships with LNC. Our results showed that the estimates
changed between C3 and C4 types, as well as between crops within each
type. The significant relationships of these parameters with LNC can be
used in cropmodels for the simulation of photosynthetic process from the
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leaf to the canopy level. This, combined with the modelling of other
growth processes, can help to bridge the gap between crop yield and
retrieved crop N status from widely available hyperspectral data, and,
therefore, may effectively support smart crop N management.
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APPENDIX A. gm model and the solution of Ac and Aj for C3 species

Given that mesophyll diffusion conductance was identified as zero if light approaches zero (see Results), we used a simplified version of the variable-
gm model of Yin et al. (2009) without the terms for residual mesophyll diffusion conductance:

gm ¼ δðAþ RdÞ=ðCc � Γ*Þ (A1)

With this simplified form, parameter δ represents the carboxylation to mesophyll resistance ratio (Yin et al., 2020).
Combining Eqn (A1) with Eqn (1) and replacing Cc with (Ci – Ac/gm) or (Ci – Aj/gm), correspondingly, and then solving the quadratic equation for Ac

and Aj gives:

Ac or Aj ¼
	
� b �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 4ac

p 
.
ð2aÞ (A2)

where a ¼ x2 þ Γ* þ δðCi þ x2Þ

b ¼ �fðx2 þ Γ*Þðx1 � RdÞ þ δðCi þ x2Þðx1 � RdÞ þ δ½x1ðCi � Γ*Þ � RdðCi þ x2Þ � g

c ¼ δðx1 � RdÞ½x1ðCi � Γ*Þ � RdðCi þ x2Þ �

where x1 and x2 are defined in eqn (1) in the main text.
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APPENDIX B. The solution of AEE, AET, ATE, and ATT for C4 species

Combining Eqns (4)–(7) in the main text can solve the value A for each of these limitation combinations.

(1) If Vp is limited by the activity of PEPc (see Eqn (5a)), AEE and AET can be solved as one of the roots of a standard cubic equation, which is suitable
for calculating either AEE or AET under any combinations of Ci, Iinc and Oi:

AEE or AET ¼ �2
ffiffiffiffi
Q

p
cosðψ=3Þ � p

.
3 (B1)

where Q ¼ �
p2 � 3q

��
9

ψ ¼ cos�1

�
U
� ffiffiffiffiffiffi

Q3
p �

U ¼ �
2p3 � 9pq þ 27r

��
54

in which, p ¼ m=ðgm þ gbs � x2gmα=0:047Þ

q ¼ n=ðgm þ gbs � x2gmα=0:047Þ

r ¼ o=ðgm þ gbs � x2gmα=0:047Þ

and m, n and o are expressed as

m ¼ d � ðx3 þ x2OiÞgmgbs þ ðRd � x1Þðgm þ gbsÞ � ðx1γ*gm þ x2Rdgm � x2k=gbsÞα=0:047

n ¼ f þ ðx3 þ x2OiÞk þ dðRd � x1Þ � gmgbs½x1γ*Oi þ Rdðx3 þ x2OiÞ � þ ðx1γ* þ x2RdÞkα=ð0:047gbsÞ

o ¼ Rd½f þ ðx3 þ x2OiÞk � � x1ðf � kγ*OiÞ
and d, f and k are expressed as

d ¼ gm

Rm � Vpmax � Ciðgm þ 2gbsÞ � Kpðgm þ gbsÞ

�

f ¼ g2m

CiVpmax þ �

Ci þ Kp

�ðgbsCi � RmÞ
�

k ¼ g2mgbs
�
Ci þ Kp

�

(2) If Vp is limited by electron transport (see Eqn (5b)), ATE and ATT can be solved as one of the roots of a generated quadratic equation:

ATE or ATT ¼
	
� b þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 4ac

p 
.
ð2aÞ (B2)

where a ¼ x2gmα=0:047 � gm � gbs

b ¼ gm
�
Cigbs þ Vp � Rm

� þ ðx3 þ x2OiÞgmgbs þ ðx1γ* þ x2RdÞgmα
�
0:047 þ ðgm þ gbsÞðx1 � RdÞ

c ¼ �gm
�
Cigbs þ Vp � Rm

�ðx1 � RdÞ þ gmgbs½x1γ*Oi þ Rdðx3 þ x2OiÞ �
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