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Abstract The maximum carboxylation rate (Vcmax) is a key parameter in determining the plant
photosynthesis rate per unit leaf area. However, most terrestrial biosphere models currently treat Vemax
as constants changing only with plant functional types, leading to large uncertainties in modeled carbon
fluxes. Vemax is tightly linked with Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). Here we
investigated the relationship between leaf chlorophyll and Rubisco (Chl-Rub) contents within a winter
wheat paddock. With chlorophyll as a proxy of Rubisco, a semimechanistic model was developed to model
Vcemax,s (Vemax normalized to 25°C). The Chl-Rub relationship was validated using measurements in a
temperate mixed deciduous forest in Canada. The results showed that Rubisco was strongly correlated with
chlorophyll (R* = 0.96, p < 0.001) for winter wheat since the absorption of light energy by chlorophyll
and the amount of CO, catalyzed by Rubisco are tightly coupled. Incorporating the Chl-Rub relationship
into the semimechanistic model, the root mean square error of modeled Vcmax,s was the lowest among all
estimation models. The slopes of Chl-Rub relations were almost consistent in the winter wheat and
temperate forest, demonstrating the potential for using leaf chlorophyll content as a proxy of leaf Rubisco in
modeling Vcmax,s at large spatial scales. We anticipate that improving Vemax,s estimates over time and
space will reduce uncertainties in global carbon budgets simulated by terrestrial biosphere models.

1. Introduction

Currently, terrestrial ecosystems can absorb about one third of anthropogenic CO, emissions on average
based on the estimates of terrestrial biosphere models (TBMs) (Keenan & Williams, 2018; Le Quéré
et al., 2017), which are effective tools for quantifying the carbon fluxes between the atmosphere and the ter-
restrial biosphere. High-quality simulation of the carbon cycle process is beneficial for future climate change
projection and human development (Bonan & Doney, 2018; Friedlingstein et al., 2014). However, the range
of global CO, absorption by leaf photosynthesis (GPP) simulated by TBMs is rather broad from 112 to
169 Pg C year™* (Anav et al., 2015; Piao et al., 2013), with significant differences in trends and interannual
variations (Li et al., 2018).

A major source of TBMs' uncertainty is attributed to an inadequate estimation of the photosynthesis rate
(Bonan et al., 2011). Most TBMs estimate photosynthesis according to the Farquhar, von Caemmerer, and
Berry model, based on Michaelis-Menten principles of enzyme kinetics (Farquhar et al., 1980). The process
of enzyme kinetics is modeled according to leaf temperature, photosynthetic capacity, and CO, concentra-
tion (Kattge et al., 2009). The gross photosynthetic rate is calculated as the minimum between the CO, car-
boxylation rate and electron transport rate (Farquhar et al., 1980), where the CO, carboxylation rate is
determined by Vcmax, which is the maximum rate of Ribulose-1,5-Bisphosphate (RuBP) carboxylation cat-
alyzed by enzyme RuBP Carboxylase-Oxygenase (Rubisco) (Quebbeman & Ramirez, 2016). The electron
transport rate is calculated with the maximum rate of electron transport (Jmax), which limits the supply
of energy for carboxylation and regeneration of RuBP (von Caemmerer & Farquhar, 1981). In most TBMs,
Jmax is usually calculated from Vcmax based on their linear relationship (Beerling & Quick, 1995; Walker
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et al., 2014; Wullschleger, 1993). Previous studies have shown that Vecmax normalized to 25°C (Vcmax,s) not
only varies with vegetation plant functional types (PFTs) but also depends on environmental factors and has
significant spatial and temporal variability (Croft et al., 2017; Groenendijk et al., 2011; Kattge et al., 2009;
Smith et al., 2019). However, most TBMs assume that the Vcmax,s of the same PFT is a fixed value. And
Vcemax in TBMs is the product of this fixed Vemax,s and environmental constrains, such as leaf temperature
and soil water content, causing uncertainties in the estimation of the terrestrial carbon budget.

Previous observations showed that Vcmax,s is correlated to nitrogen-related plant functional traits, such as
leaf nitrogen and chlorophyll contents (Croft et al., 2017; Dechant et al., 2017; Houborg et al., 2013).
However, these relationships are difficult to apply to different species or at large scales because the allocation
of leaf nitrogen into photosynthetic enzymes and apparatus varies in response to many other biotic and abio-
tic drivers (Kattge et al., 2009; Quebbeman & Ramirez, 2016; Walker et al., 2014), such as leaf lifespan
(Onoda et al., 2017), leaf temperature (Verheijen et al., 2013), light intensity (Hikosaka, 2014), and species
(Evans, 1989). Additionally, leaf nitrogen is difficult to retrieve from remote sensing data (Knyazikhin
et al., 2013), hampering the mapping of Vcmax,s at a regional or global scale. Using a novel approach,
Zhang et al. (2018) mapped regional Vcmax,s well according to the strong linear relationship between the
satellite far-red Sun-induced chlorophyll fluorescence and optimized Vcmax,s at the seasonal scale and
improved the seasonal and spatial patterns of cropland GPP estimation in the Midwestern U.S. corn belt.
As a plant trait, chlorophyll content can be inverted by remote sensing data (Croft et al., 2015; Houborg
et al., 2013; Xu et al., 2019). Croft et al. (2017) demonstrated that leaf chlorophyll content was a strong proxy
for Vemax,s, due to proportional allocation of photosynthetic nitrogen between Rubisco and chlorophyll for
balancing light harvesting and utilization for photosynthesis. Houborg et al. (2013) used the relationship
between leaf nitrogen and leaf chlorophyll to model Vcmax,s by a semimechanistic model.

Farquhar et al. (1980) proposed the semimechanistic model, which estimates Vcmax,s according to the
Rubisco content and its turnover rate. In photosynthetic physiology, leaf Rubisco and chlorophyll contents
have a close relationship. In the photoreaction of photosynthesis, chlorophyll is an important pigment in
Photosystem II and Photosystem I. Under the influence of other pigments and proteins, the absorbed light
energy is converted to NADPH and ATP, which are important sources of energy in the Calvin-Benson cycle
(Allen, 2002). Rubisco is an important catalyst in the Calvin-Benson cycle, which catalyzes the combination
of CO, and RuBP to form two molecules of 3-phosphoglycerate, which are converted to glucose through a
series of reactions. Thus, the absorption of light energy by chlorophyll and the amount of CO, catalyzed by
Rubisco are tightly coupled (Andersson & Backlund, 2008). Previous studies at the leaf scale also indicated
that the amounts of Photosystem II (Krall & Edwards, 1992; Ou et al., 2003) and Photosystem I
(Eichelmann et al., 2004) were closely related to Rubisco content. Meanwhile, the amounts of
Photosystems I and II are determined by the chlorophyll content (Burns et al., 2005; Evans &
Poorter, 2001). Therefore, Rubisco and chlorophyll contents should be well correlated. However, there is
still a lack of observations available to study the correlation between Rubisco and chlorophyll contents
and how this relationship changes in different PFTs, which is important for mapping Vemax,s across large
spatial scales.

Therefore, this study aims at exploring the relationship between Rubisco and chlorophyll contents in differ-
ent vegetation types and to provide an accurate Vcmax,s estimation model for its mapping using remote sen-
sing data. The specific objectives of this research are to (1) examine the relationship between the chlorophyll
and Rubisco contents across different vegetation types and (2) assess the suitability of using the relationship
between chlorophyll and Rubisco contents to estimate Vcmax,s,

2. Materials and Methods
2.1. Field Site Description

Field campaigns were conducted at a farmland ecosystem station in Shangqiu, Henan Province, China
(34.27°N, 115.4°E). This station is a component of the national field science research network of China. It
is located in a warm temperate continental climate region, which is a typical wheat growing area in
China. The mean annual precipitation and temperature are 708 mm year™ " and 13.9°C, respectively. The soil
type is mainly the tidal soil developed by the Yellow River sediments. Soil total nitrogen mass fraction is
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0.78 g kg™ The amounts of N, P, and K are 240 kg ha™* (N), 270 kg ha™*(P,0s), and 150 kg ha™* (K,0),
respectively. The farmland is irrigated with shallow groundwater. Our observations were conducted during
the winter wheat growing season from the days of the year (DOYs) 84 (March 25) to 143 (May 23) in 2018.

2.2. Biophysical Measurements

Unfolded leaves at the top of the canopy were randomly selected for destructive sampling approximately
once every 10 days, from a 30 X 30 m subset area within the larger field. On each sampling date, mean values
of leaf nitrogen, chlorophyll, and Rubisco were calculated from three samples.

The samples for measuring nitrogen were dried in an oven at 80°C for approximately 48 hr until a constant
weight and then determined total leaf nitrogen by the Kjeldahl method (Wolf, 1982). The leaf samples were
heated with concentrated sulfuric acid to decompose protein in leaves into ammonium sulfate. The digestion
was distilled after adding NaOH in the Kjeldahl's trap. Distilled samples were titrated with a standard acid
solution until the end point for the purpose of calculating nitrogen concentration of the leaf sample. The
variations of leaf chlorophyll and nitrogen contents were examined by these measurements on each
sampling date.

The leaves sampled for chlorophyll measurements were packaged in plastic sample bags and transported
into an ice box immediately after collection. About half an hour later, these samples were sent to the labora-
tory for leaf chlorophyll measurement. In the laboratory, leaf chlorophyll was extracted into a solution with
absolute ethyl alcohol and formaldehyde mixed in a volume ratio of 1:1. The absorbance of the dissolving
solution was measured at 663.8, 646.8, and 480 nm using a Shimadzu UV-1700 spectrophotometer
(Wellburn, 1994).

A whole leaf was needed to measure the leaf Rubisco content, as the analysis requires a sample exceeding
0.5 g fresh weight. A portable chlorophyll meter SPAD (Konica Minolta Inc., Osaka, Japan) was used to
observe the SPAD values of leaves, for which Rubisco were measured. From tial to tip of one leaf, five
SPAD values were measured evenly and averaged for representing the SPAD value of the whole leaf.
Following Markwell et al. (1995), an exponential model was used to convert the SPAD value into leaf chlor-
ophyll content. Parameters of the model were fitted using our 51 pairs of SPAD values and
laboratory-analyzed chlorophyll content from the same leaf samples (supporting information Figure S1) col-
lected from the winter wheat paddock. Then, the chlorophyll content converted from SPAD values was used
to explore its relationship with Rubisco.

The Rubisco content of leaves was determined by the method of Makino et al. (1985, 1986). Briefly, three top
unfolded leaves were collected randomly from the field sampling area. After immersion in liquid nitrogen,
the samples were stored in a refrigerator at —70°C. Finally, all the samples were stored in a package filled
with dry ice and transported to the laboratory for measurement. Leaves (0.5 g) were placed in a buffer solu-
tion containing 50 mM Tris-HCl (pH 8.0), 5 mM f-mercaptoethanol, and 12.5% (v/v) glycerol, and the
extracts were centrifuged (1,500 g, 15 min, and 4°C). A supernatant solution was mixed with a dissolving
solution containing 2% (w/v) SDS, 4% (v/v) B-mercaptoethanol, and 10% (v/v) glycerol. Then, the mixture
was boiled in water for 5 min for protein gel electrophoresis. An electrophoretic buffer system was used with
SDS-PAGE and a discontinuous buffer system with 12.5% (w/v) separating and 4% (w/v) concentrating gels.
Afterward, gels were washed with deionized water several times, stained with 0.25% Commassie Blue stain-
ing solution for 12 hr, and bleached until the background was colorless. Large subunits and relevant small
subunits were transferred into a 10 ml cuvette with 2 ml of formamide and washed in a 50°C water bath for
8 hr. The washed solutions were measured at 595 nm using the background gel as a blank and bovine serum
albumin as the protein standard.

2.3. Measurements of Gas Exchange

Carbon dioxide response curves (A/Ci) were measured using an LI-6800 portable infrared gas analyzer (LI-
COR, Lincoln, NE, USA) at the Shangqiu site. To measure more leaves on 1 day, three leaves were measured
using the A/Ci response curve method, and additional three measurements were conducted using the rapid
response curve method (Stinziano et al.,, 2017). For the A/Ci response curve, PPFD was set at
1,800 umol m™2 s, and the stepwise CO, concentrations were 400, 200, 100, 50, 400, 600, 800, 1,000,
1,200, 1,500, and 1,800 ppm. Before logging measurements, the temperature, relative humidity, and CO, con-
centration of the air in the chamber were set to 25°C, 75%, and 400 ppm, respectively, and the leaves were
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acclimated for 30 min. For the rapid response curve, the initial environment of the chamber was similar to
that used in the A/Ci response curve method except for the CO, concentration, which was set to 500 ppm.
After leaf acclimation, logging measurements were performed during 5 min when the CO, concentration gra-
dually declined from 500 to 0 ppm. A measurement with no leaf in the chamber was also performed for the
algorithm of the fast response curve method (Stinziano et al., 2017). The function fitaci in “plantecophys” R
package was used to estimate Vemax,s for both the A/Ci response curve and fast response curve methods.

The default method in the function fitaci to fit the A/Ci response curve used nonlinear regression. Each part
of the A/Ci curve was not assumed to be Vcmax or Jmax in advance. The details of this method were
described by Duursma (2015). Parameter values for quantum yield of electron transport (0.24 mol mol™")
and controlling the shape of light response curve (0.85 unitless) were set as default values. The Kc, Ko,
and I'* at 25°C were set to 404.9 pumol mol™", 278.4 mmol mol™!, and 42.75 wmol mol ™}, respectively
(Bernacchi et al., 2001). Then, they were corrected for temperature by a built-in function in the fitaci using
the Arrhenius equation. The mesophyll conductance was not considered in fitting the A/Ci curve. Therefore,
the estimated Vcmax are actually apparent values (Bahar et al., 2018).

2.4. Measurements of LAI

The leaf area index (LAI) was measured by an LI-2200 plant canopy analyzer (Li-Cor, Lincoln, NE, USA) on
the same days as the measurements of biophysical parameters and gas exchange. The LAI measurements
were conducted shortly before sunset. During the measurements, 1 above-canopy and 10 below-canopy
readings were recorded for acquiring LAI. Ten below-canopy readings were distributed evenly along two
diagonals of the field square.

2.5. Calculation of Leaf Nitrogen Allocation

Nitrogen contained in Rubisco was calculated as 16% of Rubisco content (Farquhar et al., 1980). Nitrogen
content in leaf chlorophyll was calculated empirically with the assumption that chlorophyll a and b contain
6.3% and 6.2% nitrogen, respectively (Hall & Rao, 1999). And nitrogen in structure and other parts was the
value of the total leaf nitrogen content minus the nitrogen content in Rubisco and chlorophyll.

2.6. Modeling Vcmax,; by Rubisco Content

Following Friend (1995), the semimechanistic model for simulating Vcmax,s using leaf nitrogen is shown as
Equation 1. Vcmax,s is a function of the Rubisco turnover rate at 25°C, the leaf nitrogen content, and the
fraction of leaf nitrogen in Rubisco.

8
Vrzlfax = Kg:t' 350 Fixg - N - my - 6.25 - 10°, (1)

25

where V2  is the Vemaxys (umol CO, m2 s7h); KZ; is the Rubisco turnover rate at 25°C

1

8
(mol CO, mol sites™* s7') and can be calculated by Equation 6; 50 is the constant for converting from

Rubisco (kg) to moles of catalytic sites on Rubisco molecules, assuming the molecular weight of
Rubisco is 550 KD and one Rubisco molecule has eight catalytic sites (Farquhar et al., 1980); Finr is
the fraction of leaf nitrogen in Rubisco and can be calculated using Equation 11; N is the total leaf nitro-
gen content (mol N m™?); m, is the molar mass of nitrogen (0.0140067 kg mol™); and 6.25
(kg Rubisco kg N™') is the reciprocal of 16%, which is the fraction of nitrogen in Rubisco protein

2§71, Because the

(Farquhar et al., 1980). The constant of 10° converts units of V2>  to umol m~
Rubisco content (R) (g m™2) can be calculated by N, Fyng, ", and the constant of 6.25 (Equation 3),
Equation 1 can be rewritten as

8 _
szrfax = K%St : ﬁ ‘R-107%- 1067 (2)

where
R=Fing - N -my - 6.25-10°. )

In this study, the relationship of chlorophyll and Rubisco contents was assumed to be linear (Equation 4),
and its robustness was examined using growing season measurements of winter wheat and a temperate
mixed deciduous forest.
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R=a-C+b, 4

where C is the leaf chlorophyll content (ug m~2) and a and b were fitted using our measured chlorophyll
and Rubisco contents.

Thus, Equation 2 may be reformulated as follows:

8 -
Vrzrfax:Kg:t'ﬁ'los'(a'c+b)'10 37 (3)

where K%

¢ is calculated in accordance with Eichelmann et al. (2009):

C
K25 —
cat 1+d-Rno -8

Rmol = R x 10°/550, 000, (6)
where Ry, is the leaf Rubisco content in umol m~2, 550,000 is the molecular weight of Rubisco, and ¢ and
d are the coefficients.

In the study of Eichelmann et al. (2009), c and d in Equation 6 were set to 4.3 and 0.03, respectively, accord-
ing to collected data of multiple species. However, the uncertainty of estimated K%, was large (gray area in
Figure S2), which indicated the c and d of different species were not the same. Therefore, we fitted these two
parameters in Equation 6 with our measured wheat leaf Rubisco and K2, inferred from measured Vemax,s
and Rubisco content using Equation A1, which was derived from Equation 2. The calibrated c and d values

were 7.72 and 0.04, respectively (red line in Figure S2).
2.7. Modeling Vcmax,s by Other Plant Traits

In order to compare the performance of modeling Vcmax,s by different plant traits, our observations in the
wheat paddock were used to verify other three models estimating Vemax,s from chlorophyll and nitrogen
contents (Croft et al., 2017; Dechant et al., 2017; Houborg et al., 2013). All tunable parameters in these mod-
els were fitted using the measurements.

Croft et al. (2017) reported a linear model estimating Vcmax,s from leaf chlorophyll content:

V25 = ayc * C+ bVC~ (7)

max

Dechant et al. (2017) estimated Vcmax,s using the following equation:
Vi = avn - NL + by, (8)

where Ny is the total leaf nitrogen content (g N m™2).

The third model was proposed by Houborg et al. (2013), who estimated Vcmax,s according to Rubisco con-
tent and its turnover rate. Rubisco content was empirically estimated on the basis of total nitrogen content,
which was approximated from chlorophyll content. Vemax,s is calculated as

8
Vi = Koo - 550 Fing - Np - 6.25-10°, 9)

where Ny is the content of total nitrogen. It is estimated as

Ny =axc - C+ bxc. (10)

The term Fnr - Np. in Equation 9 indicates leaf Rubisco content. Fynr is the fraction of nitrogen allocated
into Rubisco and inversely correlated with the content of total nitrogen (Houborg et al., 2013):

FLNR = (ClRN + bRN/NL) -0.16. (11)

The values of agy and bgy fitted using our observations of Rubisco and total nitrogen contents are 1.8351
and —1.5075, respectively (Figure S4).
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Figure 1. Seasonal variations in (a) leaf Rubisco and chlorophyll contents,
(b) leaf nitrogen content, and (c) Vemax,s and LAI for winter wheat in 2018.

Before the observation of the flag leaf, the new top leaves (T1 and T2) that grew

continuously were measured in the growing stage of elongation.

2.8. Relationship Between Chlorophyll and Rubisco in a
Temperate Mixed Deciduous Forest

Croft et al. (2017) reported seasonal measurements of Vcmax,s and
chlorophyll content in a temperate mixed deciduous forest located
in southern Ontario, Canada (44.32°N, 79.93°W) from 2014 to 2015.
The observations were conducted using the leaves of the upper cano-
pies of four tree species (red maple, bigtooth aspen, trembling aspen,
and white ash) approximately every 10 days. In their measured data
set, Rubisco content was not available. We used measured Vcmax,s
to invert Rubisco content. Combining Equations 2 and 6, the
Rubisco content (g m™2) R can be estimated as

55X Vi
R= o max (12)
8x10*(c—dxVE,)

where V2 _is the Vcmax,s measured by Croft et al. (2017) and ¢ and
d were coefficients in Equation 6. Their values are 3.1 and 0.015
fitted with the data of birch reported by Laisk et al. (2005) and

Eichelmann et al. (2004) (blue line in Figure S2).

The inverted Rubisco content was used to verify the relationship
between chlorophyll and Rubisco contents and whether Equation 5
performed consistently in the wheat paddock and a temperate mixed
deciduous forest.

2.9. Dummy Variable Regression Analysis

Dummy variable regression analysis (Gujarati, 1970) was used to test
whether the regression coefficients of the linear relationship between
chlorophyll and Rubisco were significantly different in the wheat
paddock in China and the temperate mixed deciduous forest in
Canada. First, the dummy variable was set to only 0 or 1 to identify
subsets of observations (0 for wheat and 1 for forest). Then, a multiple
linear regression model was built with Rubisco content as the depen-
dent variable and three independent variables (chlorophyll content,

dummy variable, and the product of the dummy variable and chlorophyll content) using the R language.
The significance of individual coefficients of the multiple linear regression model was tested. If coefficients
of dummy variable and the product of the dummy variable and chlorophyll content pass the significance
test, the slope and intercept of the linear regression between chlorophyll and Rubisco contents are signifi-
cantly different between the winter wheat and temperate mixed deciduous forest.

3. Results

3.1. Seasonal Variations in Leaf Rubisco and Other Biochemical Parameters

The seasonal dynamics of measured winter wheat Rubisco, chlorophyll, and nitrogen contents was assessed
in order to investigate the temporal correlation of leaf biochemical constituents with Rubisco content and
the partitioning of nutrient resources (Figure 1).

The leaf Rubisco content varied throughout the winter wheat growing season (Figure 1a). At the elongation
stage, the Rubisco content of the top new leaves showed a downward trend. At the booting stage, the Rubisco
content of the flag leaves gradually increased with leaf age until the flowering stage, reaching a peak of
2.74 g m™>. Then, the Rubisco content declined rapidly at the filling stage. Leaf chlorophyll content had a
similar temporal change as Rubisco. The maximum chlorophyll content also appeared around the flowering
stage and began to decline after entering the filling stage. These results indicated that the temporal variations
of leaf Rubisco and chlorophyll contents were consistent.
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Figure 2. The relationship of leaf chlorophyll content (ug cm_z) with (a) leaf nitrogen (g m_z) and (b) Rubisco contents (g m_z); and (c) is the variation of N
partitioning among different N pools across the growing season of winter wheat. Horizontal error bars in (a) and (b) represent standard deviation of leaf
chlorophyll content. Vertical error bars in (a) and (b) represent standard deviation of leaf nitrogen and Rubisco contents, respectively. The log scale of y axis was

used in (c) for better visualization.

The change in leaf nitrogen content was inconsistent with the changes in Rubisco and chlorophyll contents.
The peak of leaf nitrogen content appeared at the beginning and flowering stages of the growing season,
which was different from the variations in both Rubisco and chlorophyll contents (Figures 1a and 1b).
The dynamic changes in the nitrogen allocation to differential nitrogen pools can result in inconsistencies
between the leaf nitrogen content and other plant traits, such as Rubisco and chlorophyll (Croft et al., 2017).

The seasonal variation of leaf Vemax,s (Figure 1c) was generally consistent with the changes in Rubisco and
chlorophyll contents (Figure 1a). However, the obvious difference appeared at the anthesis stage of wheat
(DOY 128). Observations at DOY 128 showed that measured Vcmax,s clearly decreased after blooming,
but both Rubisco and chlorophyll contents were still at high levels.

3.2. The Relationship Among the Leaf Rubisco, Nitrogen, and Chlorophyll Contents

Based on observations of multiple species, Evans (1989) reported the linear relationship between chlorophyll
and leaf nitrogen contents, which was confirmed by our observations for the winter wheat throughout the
growing season (Figure 2) (R* = 0.65; p < 0.05). The observations on DOYs 100 and 109 were outside of
the 95% confidence intervals of the regression (Figure 2a). Figure 2c demonstrates obvious changes in nitro-
gen allocation into different pools on these 2 days. These changes in the investment of nitrogen into leaf
chlorophyll affect the robustness of the linear relationship between chlorophyll and leaf nitrogen contents.
Generally, cropping management, such as fertilization and irrigation, lessened the environmental con-
straints on the nitrogen partitioning, resulting in a relative stable allocation of nitrogen to chlorophyll during
the growing season (Figure 2c). Therefore, leaf chlorophyll and nitrogen contents maintained a good linear
relationship in our study.

Chlorophyll content showed a better linear relationship with Rubisco content than with leaf nitrogen con-
tent, as chlorophyll and Rubisco are more directly related to photosynthetic physiology. Chlorophyll content
was able to explain 96% of variations in Rubisco content. As two important nitrogen pools in the photosyn-
thetic system, the dynamic changes of nitrogen allocated to chlorophyll and Rubisco were coordinated
(Figure 2c). Consequently, Rubisco content had a stronger linear relationship with leaf chlorophyll content
than with leaf nitrogen content, which provides a physiological basis of using chlorophyll as a proxy of
Rubisco in the Rubisco-based semimechanistic model estimating Vcmax,s.

3.3. Modeling Vcmax,s by Leaf Rubisco Content

Vcmax,s can be modeled from plant traits using four different methods, which are described in sections 2.6
and 2.7. Their performances in estimating Vcmax,s are shown in Figure 3. The estimation of Vcmax,s by its
linear relationship with leaf nitrogen content had a large error (Figure 3a). Vcmax,s was not estimated well
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Figure 3. Comparing the observed Vemax,s with the estimated one of winter wheat by (a) linear relationship between Vcmax;s and chlorophyll (blue circles) and
between Vcmaxys and nitrogen (yellow circles) and (b) semimechanistic models incorporating relationship between chlorophyll and nitrogen (Chl-N) contents
(Houborg et al., 2013) (green circles) and relationship between chlorophyll and Rubisco contents established in this study (red circles).

using leaf nitrogen content in some days, such as DOYs 100 and 143, the nitrogen allocation changed
evidently (Figure 2c). And on DOY 128, the modeled Vcmax,s by leaf nitrogen content was also
inconsistent with observation. Using chlorophyll content, which is one part of the photosynthetic
nitrogen pool, the estimation of Vcmax,s was improved in DOYs 100 and 143, except DOY 128.

As shown in Figure 3b, the semimechanistic model incorporating the relationship between chlorophyll and
nitrogen contents (Houborg et al., 2013) performed the worst, greatly overestimating Vcmax,s on DOYs 143
and DOY 140 during leaf senescence, due to its failure to properly consider the temporal change in nitrogen
allocation between structural and photosynthetic fractions (Figure 2c). This model uses the empirical func-
tion reported by Evans (1989) to estimate Rubisco content according to total nitrogen content and a tempo-
rally invariant fraction of nitrogen allocated into Rubisco. Our semimechanistic model incorporating the
relationship between chlorophyll and Rubisco contents had the best ability to model Vcmax,s (Figure 3b),
with a slope of 0.97 and an R? of 0.79. The best performance of this model is attributable to the better descrip-
tion of the nonlinear processes of Rubisco turnover rate and nitrogen allocation that determine Vecmax;s.
However, our model also noticeably overestimated Vcmax,s on DOY 128.

3.4. Exploring the Chl-Rub Relationship for Modeling Vcmax,s in a Temperate Mixed
Deciduous Forest

The study by Croft et al. (2017) provided observations of Vcmax,s and leaf chlorophyll content of different
tree species throughout the growing seasons in 2014 and 2015. We used their measurements to invert leaf
Rubisco content with Equation 12. The change of inverted Rubisco content with measured chlorophyll con-
tent in this temperate mixed deciduous forest is shown in Figure 4a. The chlorophyll and Rubisco contents
have a good exponential relationship throughout the growing seasons (R* = 0.66, p < 0.001) (red line in
Figure 4a), and the linear relationship was also significant over the whole data set (R*=0.60, p <0.001) (blue
line in Figure 4a).

In this forest, the chlorophyll content was below 35 g cm™> (symbols with pink edges) at the beginning and
end of the growing seasons. In our study, Rubisco was not measured during the leaf germination and senes-
cence stages of the winter wheat. As to the main stages of the growing season, the slopes of the linear
Chl-Rub relationship were 0.0858 and 0.071 (g m™~> Rubisco ug~" cm™2 chlorophyll) for the winter wheat
(Figure 2b) and temperate mixed deciduous forest (Figure 4a), respectively. The test using dummy variable
regression analysis (Gujarati, 1970) indicated that the slopes and intercepts of the linear regression equations
in these two ecosystems did not differ significantly. The p values were 0.591 for slopes and 0.158 for
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Exp. is the exponential function with the formy =a (ebx). Linear is linear function with the form y = ax + b. ASH is white ash. B Aspen is bigtooth aspen. T Aspen
is trembling aspen.

intercepts, indicating that a similar Chl-Rub relationship could be applied in these two different ecosystems
at the main stage of the growing season.

Vcmax,s was modeled using Equation 5 with Rubisco estimated using the measured chlorophyll content
and fitted exponential and linear relationships (Figure 4a). Vcmax,s modeled by the semimechanistic model
developed in this study and estimated Rubisco content was closer to measured values than estimates directly
using chlorophyll content in Croft et al. (2017) (Figure 4b). The root mean square errors (RMSEs) of Vcmax,s
estimated by exponential and linear functions of Chl-Rub were 11.96 and 10.73 umol CO, m ™2 s™*, smaller
than the RMSE of 13.34 umol CO, m™2 s™' in Croft et al. (2017). The slopes of regressions between
observations and Vcmax,s estimated using exponential and linear Chl-Rub relations were closer to 1.0 rela-
tive to that with Vcmax,s estimated directly from chlorophyll content (Figure 4b). Thus, the Rubisco-based
semimechanistic model (Equation 5) also improved the modeling of Vcmax,s in this temperate mixed
deciduous forest.

4. Discussion
4.1. Comparison of Different Ways to Model Vcmax,s by Plant Traits

Previous studies have shown that Vcmax,s could be well modeled by plant traits, including leaf nitrogen
(Njeaf), Rubisco, chlorophyll, and specific leaf area (Croft et al., 2017; Dechant et al., 2017; Houborg
et al., 2013; Miner & Bauerle, 2019; Walker et al., 2017; Watanabe et al., 2018). These models are difficult
to apply to large scales because statistical relationships between plant traits and Vcmax,s vary among
species. For instance, the Chl-Vcmax,s relationship was better than that of Nje,+Vemax,s in a temperate
mixed deciduous forest in Canada (Croft et al., 2017). A strong linear relationship of Nj.,-Vcmax,s was
reported in other ecosystems (Kattge et al., 2009; Walker et al., 2014). However, the slopes of the relation-
ships of Ny, Vemax,s vary widely with species (Rogers et al., 2017).

The nitrogen in leaves can be roughly divided into structural and photosynthetic components (e.g., nitrogen
in chlorophyll and Rubisco) (Evans, 1989). The ratio of nitrogen allocated in Rubisco to the total nitrogen in
leaf varies among species (Ghimire et al., 2017). This ratio is also affected by environment (Liu et al., 2018)
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and has seasonal variations (Croft et al., 2017; Miner & Bauerle, 2019). Therefore, accurate modeling of
Vcemax,s requires a factor that characterizes the fraction of the photosynthetic nitrogen. This factor is
approximated by ratio of nitrogen allocated into Rubisco in Houborg et al. (2013) and leaf chlorophyll con-
tent in Croft et al. (2017).

As shown in Figure 3a, Vcmax,s directly estimated using leaf nitrogen was largely different from the obser-
vations during the periods of flag leaf unfolding (DOY 100) and senescence (DOY143). The Chl-based linear
model improved the estimates of Vecmax,s on DOYs 100 and 143 since chlorophyll content characterized the
dynamic of nitrogen in photosynthesis (Figure 2c). Rubisco is another important nitrogen pool in photo-
synthesis (Evans, 1989). Our measurements indicated a strong linear relationship between chlorophyll
and Rubisco contents in a winter wheat system (Figure 2b). The model developed by Houborg et al. (2013)
estimates Vcmax,s according to nitrogen allocated in to Rubisco. Nitrogen content was estimated from
chlorophyll content and used to determine the ratio of nitrogen allocated into Rubisco (Equations 9-11).
Since two empirical functions were used (Equations 10 and 11), uncertainties might be accumulated.
Based on the observed tight linkage between chlorophyll and Rubisco contents (Figures 2b and 4a), our
model uses chlorophyll as the proxy of Rubisco and showed the best performance among four models, indi-
cating the potential of chlorophyll content incorporated into the semimechanical model to map Vcmax,s at
regional and even global scales.

The model of Croft et al. (2017) is based on the linear relationship of Chl-Vcmax,s. The effect of Rubisco
amount on Vcmax,s was implicitly considered. Friend (1995) indicated that both the amount and turnover
efficiency of Rubisco affect Vemax,s. With turnover efficiency of Rubisco quantified using K2, our model
considers the roles of these two factors in determining Vcmax,s. Therefore, it performed better than the

model developed by Croft et al. (2017).

Our model also failed to estimate Vcmax,s in some cases. To investigate whether the discrepancy between
modeled and observed Vcmax,s was caused by the uncertainties in Rubisco content estimated from chloro-
phyll content, Vcmax,s was modeled using Equations 2 and 6 with measured Rubisco content as inputs. The
R?* and RMSE of modeled Vcmax,s against observations were 0.72 and RMSE = 15.28 umol CO, m 2 s™*
(Figure S3), indicating that uncertainties of modeled Vcmax,s still exist even if measured Rubisco content
was used. Equation 2 used to estimate Vcmax,s assumes that all Rubisco are fully activated and Vemax,s
changes consistently with Rubisco. It is not always the case. Evans and Clarke (2019) pointed out that part
of Rubisco might be inactive and the ratio of active Rubisco to the total changes with environment and leaf
age. Observations in tropical rainforest (Bahar et al., 2017), Arctic tundra (Rogers et al., 2017), and our study
(DOY 128) demonstrated that Vcmax,s derived from gas-exchange measurements were not always consis-
tent with Rubisco content. In our study, the decoupling of Rubisco and Vcmax,s in DOY 128 could be par-
tially attributable to the low demand of CO, fixation in bloom stage (low Vcmax,s). The causes of this
phenomenon are definitely worthy of further investigation. Nevertheless, the consideration of Rubisco activ-
ity in the Rubisco-based semimechanical model is a way for further improvement of Vcmax,s estimation.

4.2. Variability of the Relationship Between Chlorophyll and Rubisco Contents With
Vegetation Types

Observations during the rice growing season indicated that the degradation of Rubisco content was approxi-
mately 5 days earlier than that of chlorophyll content during leaf senescence (Ou et al., 2003). Due to the
limitation of weather, our observations failed to capture the changes in Rubisco and chlorophyll contents
during leaf senescence. The observed data of Croft et al. (2017), who conducted more measurements during
leaf budding and senescence, showed that the exponential function was better in describing the relationship
between Rubisco and chlorophyll contents than the linear function. Although the linear function was also
able to capture the change of Rubisco with chlorophyll content at the significance level of 0.001 for both
the winter wheat and temperate mixed deciduous forest (Figures 2 and 4), more measurements are required
to fit the relationship of Rubisco with chlorophyll content for better applications of the semimechanistic
model of Vcmax,s in the different seasons over various ecosystems.

The content of chlorophyll is more related to Jmax,s, and the relationship between Rubisco and Vcmax,s is
more direct theoretically (Bonan, 2015; Sellers et al., 1992). The ratio of Jmax to Vcmax is affected by tem-
perature (Medlyn et al., 2002), soil nutrients (Domingues et al., 2010; Kattge et al., 2009; Walker
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etal., 2014), light (Hikosaka & Terashima, 1995; Niinemets et al., 1999), and genotype (Makino & Sage, 2007;
Sudo et al., 2014). As shown in the study of Medlyn et al. (2002), the ratios of Jmax,s to Vcmax,s for crop and
forest were different, implying that the correlation between chlorophyll and Rubisco contents might change
with vegetation types to some extent.

Our research found that the Chl-Rub relationships of the winter wheat and temperate mixed deciduous for-
est were different but not significant. The temperate mixed deciduous forest was regrowth from farmland
abandoned in the early twentieth century (Froelich et al., 2015), in which soil nitrogen is rich
(McDonough & Watmough, 2015). The rich soil nitrogen of this forest might change the leaf Chl-Rub rela-
tionship and bring it close to that of the farmland ecosystem. Nevertheless, data from only two sites in this
study are not enough to prove the consistent relationship between chlorophyll and Rubisco contents across
vegetation types. More observational data of various vegetation types are required to verify the relationship.

4.3. Retrieval of Vcmax,s; From Rubisco With Remote Sensing Data

Vegetation reflectance in the red edge (700-760 nm) band and the green band is sensitive to chlorophyll con-
tent, which is the physical basis for retrieving chlorophyll content from remote sensing data (Datt, 1999;
Gitelson et al., 1996). Currently, leaf chlorophyll content can be retrieved using vegetation indices (Xu
et al., 2019), canopy and leaf radiative transfer models (Croft et al., 2015; Houborg et al., 2013), and machine
learning methods (Verrelst et al., 2012). Successful retrieval of chlorophyll content from remote sensing data
makes it possible to map Vemax,s at large scales. Of course, there are still considerable uncertainties in
remotely sensed chlorophyll content (Croft et al., 2020). Improvement on the retrieval of chlorophyll content
from remote sensing data will enhance the applicability of mapped Vcmax,s by TBMs.

Previous studies have shown that remotely sensed chlorophyll content could be used to map Vcmax,s at a
large scale according to the statistical relationships of chlorophyll content with Vemax (Croft et al., 2017)
and nitrogen content (Houborg et al., 2013). However, these relationships change with plant species and
are affected by environmental factors (Croft et al., 2017; Zhang et al., 2014). Our research found relatively
consistent linear relationship between leaf chlorophyll and Rubisco contents in the winter wheat and tem-
perate mixed deciduous forest. Chlorophyll content could be an effective proxy of Rubisco content for esti-
mating Vcmax,s. However, even if the Rubisco content is well simulated, the current Rubisco-based
semimechanistic model still cannot simulate Vcmax,s well in some cases due to without consideration of
changes in Rubisco activity. If Chl-Rub relationship is supported by more observations in different ecosys-
tems under various environments and the Rubisco-based semimechanistic model is improved to capture
the change in Rubisco activity, Vcmax,s might be mapped from remotely sensed chlorophyll content at
regional and global scales. The spatially and temporally variant Vemax,s data would be helpful for con-
straining uncertainties of TBMs, which currently fix Vcmax,s or empirically adjust this key parameter
according to simulated leaf nitrogen content (Medvigy et al., 2013; Walker et al., 2017).

5. Conclusions

In this study, the relationship between chlorophyll and Rubisco contents was established using observations
throughout the growing season from a winter wheat paddock in China. This relationship was incorporated
into a Rubisco-based semimechanistic model to simulate Vcmax,s. The robustness of this relationship was
examined by observed chlorophyll content and inverted Rubisco content in a temperate mixed deciduous
forest, Canada. Our results indicated that the correlation between chlorophyll and Rubisco contents was
strong (R = 0.96) for the winter wheat because the absorption of light energy by chlorophyll and the amount
of CO, catalyzed by Rubisco were tightly coupled. In the semimechanistic model, both leaf Rubisco content
and Rubisco turnover rate were quantified by the intimate Chl-Rub relationship, which made the simulated
Vcmax;,s closer to observations than those modeled by two empirical correlation models and a semimecha-
nistic model simulating Vcmax,s from nitrogen content estimated from chlorophyll content. The slope of the
Chl-Rub relationship was relatively consistent in the winter wheat and temperate mixed deciduous forest. If
the Chl-Rub relationship is confirmed by more observations, remotely sensed chlorophyll content could be
used as a proxy of Rubisco content for better mapping spatially and temporally continuous Vcmax,s, and the
reduction of uncertainty in global carbon budget estimation is expected.
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Appendix A: Calculation of K.

KZS

2 is calculated by reorganization of Equation 2:

b5 550,000V x107°

Kcat - 8 >x(n z( I (Al)
where K% is the Rubisco turnover rate at 25°C (mol CO, mol sites™' s™'); V23 is the Vcmax,s
(umol CO, m 2 s71); and R is leaf RuBisCo content (g m2).
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