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Abstract

The maximum rate of carboxylation (Vcmax), a key parameter indicating photosynthetic capacity,
is commonly fixed as a constant by vegetation types and/or varies according to empirical scaling
functions in Earth system models (ESMs). As such, the setting of Vcmax results in uncertainties of
estimated carbon assimilation. It is known that the coupling between leaf chlorophyll and Rubisco
(ribulose-1,5-biphosphate carboxylase-oxygenase) contents can be applied to estimate Vcmax.
However, how this coupling is affected by environmental changes and varies among plant
functional types (PFTs) has not been well investigated yet. The effect of varying coupling between
chlorophyll and Rubisco contents on the estimation of Vcmax is still not clear. In this study, we
compiled data from 76 previous studies to investigate the coupling between Chlorophyll (Chl) and
Rubisco (Rub), in different PFTs and under different environmental conditions. We also assessed
the ability of a Rub-based semi-mechanistic model to estimate Vcmax normalized to 25 °C
(Vemax;,s) based on the Rub—Chl relationship. Our results revealed strong, linear Rub-Chl
relationships for different PFTs (R?> = 0.73, 0.67, 0.54 and 0.72 for forest, crop, grass and shrub,
and C4 plants, respectively). The Rub—Chl slope of natural C3 PFTs was consistent and
significantly different from those of crops and C4 plants. A meta-analysis indicated that reduced
light intensity, elevated CO,, and nitrogen addition strongly altered Rub/Chl. A semi-mechanistic
model based on PFT-specific Rub—Chl relationships was able to estimate Vcmax,s with high
confidence. Our findings have important implications for improving global carbon cycle modeling
by ESMs through the improved parameterization of Vcmax,s using remotely sensed Chl content.

1. Introduction

Photosynthetic carbon assimilation is the prin-
cipal driver of land carbon sink and represents the
largest flux in the global carbon cycle (Schulze 2006,
Keenan and Williams 2018, Luo et al 2019). Accurate
estimation of photosynthetic carbon assimilation

© 2022 The Author(s). Published by IOP Publishing Ltd

is a prerequisite for predicting land carbon cycle
and carbon-climate feedbacks (Collins et al 2012).
Within most Earth system models (ESMs), photosyn-
thesis is modeled via the Farquhar—von Caemmerer—
Berry (FvCB) kinetic enzyme scheme (Farquhar et al
1980). One of the key parameters used within the
FvCB model to indicate photosynthetic capacity is
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the maximum rate of carboxylation by the enzyme
ribulose-1,5-biphosphate carboxylase-oxygenase
(Rubisco), normalized to 25 °C (Vcmax,s). There-
fore, accurate estimation of Vcmax,s is essential to
improve the performance of ESMs.

Vcemax,s is determined by the amount and kin-
etics of the Rubisco (Rub) enzyme (Sage et al
2008, Bar-On and Milo 2019). And it is known
that Vcmax,s varies among and within PFTs and is
affected by environmental conditions (Smith et al
2019), leaf ontogeny, and plant growth stages (Croft
et al 2017). However, Vcmax,s is commonly fixed as a
constant by vegetation types and/or varies according
to empirical scaling functions in ESMs (Rogers 2014,
Luo et al 2019). Because of the difficulty in model-
ing Vcmax,s values over a complete range of spatial
and temporal scales, uncertainty remains in the para-
meterization of the photosynthetic capacity and in
the incorporation of interannual variability and long-
term trends into ESMs (Piao et al 2013, Anav et al
2015, Baldocchi et al 2016).

Existing literature has shown different underly-
ing vegetational aspects, in terms of biochemical,
structural, and environmental controls on Vcmax for
estimating this photosynthetic capacity parameter.
The relationship between Vcmax,s and leaf nitro-
gen content (Kattge et al 2009) is well established,
as it is well recognized that leaf nitrogen content is
closely related to leaf photosynthetic capacity (Sage
et al 1987), although the photosynthetic enzyme Rub
accounts for only approximately 10%-30% of the
total leaf nitrogen content in various plant species
(Evans 1989). This relationship breaks down when
nitrogen in non-photosynthetic components (e.g. cell
wall) varies independently, either by species or leaf
age (Wilson et al 2000, Croft et al 2017). Walker
et al (2014) also indicated that changes in leaf phos-
phorus content substantially affected the relationship
between Vcmax,s and leaf nitrogen. Based on the first
principle in ecophysiology that assumes leaves min-
imize the summed unit costs of transpiration and
carboxylation, optimal Vcmax was predicted from
climate variables alone (Smith et al 2019). Remote
sensing data has been used to derive Vcmax,s at dif-
ferent scales. Zhang et al (2018) proved the strong
correlation of Vcmaxy; with solar-induced chloro-
phyll fluorescence (SIF) in the Midwestern US corn-
belt. Using a model-data fusion approach, Vcmaxys
was mapped globally with gross primary production
(GPP) estimated from GOME-2 SIF data (He et al
2019). A study by Serbin et al (2012) directly related
Vcmax to hyperspectral reflectance data using a par-
tial least-squares regression method.

Remote sensing of leaf chlorophyll (Chl) con-
tent, a key light-harvesting trait (Thornber 1975), is
another way to estimate Vcmax. Croft et al (2017)
used leaf Chl content of four tree species measured
in a temperate deciduous forest to estimate Vcmax;s
in different seasons. In this way, leaf Chl is a proxy
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for photosynthetic nitrogen, in that plants optimize
the allocation of leaf nitrogen between Chl and Rub to
maximize photosynthetic rates under given resource
availability (Hikosaka and Hirose 1997, Prentice et al
2014). The empirical relationship between leaf Chl
content and Vcmax,s may provide a new way to map
Vemax,s on a large scale because leaf Chl content
could be retrieved from satellite imagery at a relatively
high level of accuracy (Xu et al 2019, Croft et al 2020).
However, the investigations in crops and other nat-
ural ecosystems illustrated that the coefficients of this
relationship vary with different vegetation types obvi-
ously (Wang et al 2020, Qian et al 2021). This poses a
challenge for mapping Vcmax;s on a large scale when
adopting Vcmax,s-Chl relationship.

Various previous studies indicated the correlation
between Vcmax,s and Jmax,s because they are related
to two coupled pivotal processes in photosynthesis,
light energy harvesting by Chl and CO, assimila-
tion in the Calvin-Benson cycle by Rub, respectively
(Medlyn et al 2002, Walker et al 2014). Therefore,
underlying the process of photosynthesis, the correla-
tion between Chl and Rub can be expected. Driven by
leaf Chl content, Vcmax;,s can also be simulated using
a Rub-based semi-mechanistic model (Houborg et al
2013). In this model, leaf Chl content is a proxy of
leaf Rub content. Lu et al (2020) demonstrated the
strong correlation between leaf Chl and Rub contents
over the whole growing season of winter wheat. And
the Vemax,s simulated better by Rub-Chl relation-
ship than by Vcmax,s-Chl relationship. Because the
absorption of light energy by Chl and the amount of
CO; catalyzed by Rub are tightly coupled in photo-
synthetic physiology (Evans 1989, Carmo-Silva et al
2015), the high robustness of Rub-Chl relationship in
the same vegetation type can be assumed (Lu et al
2020). If this assumption is verified, the emerging
mechanism of the coupling between leaf Chl and Rub
contents will offer the potential to map Vcmaxys at
large scales.

The coupling between leaf Chl and Rub contents
may be significantly affected by environmental con-
ditions. Inside a forest canopy, for example, shade-
acclimated leaves have higher Chl content to increase
the utilization of diffuse light (Evans 1989, Posada
et al 2009). Under elevated CO, conditions, the
acclimation of photosynthetic processes results in a
decrease in leaf Rub (Makino and Tadahiko 1999).
Nitrogen addition in soils has been shown to increase
both leaf Chl and Rub contents because more nitro-
gen is allocated to photosynthetic nitrogen pools,
rather than structural components (e.g. leaf cell
wall) (Bondada and Syvertsen 2003, Maekawa and
Kokubun 2005).

Leaf Chl and Rub are therefore closely linked but
differently affected by environmental factors. Quan-
tification of their relationship under various envir-
onmental conditions is necessary to estimate Vcmax
based on Rub kinetics using remotely sensed leaf Chl
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content over large areas and under climate change.
However, it is unclear whether Rub content can be
a reliable intermediate variable to link Vcmax to Chl
among PFTs. The possible impacts of the rising atmo-
spheric CO; concentration, changing nitrogen depos-
ition, and varying light conditions on the Rub-Chl
relationship are also potentially important topics that
have not been explored so far. Thus, this study was
designed to (1) investigate the robustness of the rela-
tionship between leaf Chl and Rub contents in dif-
ferent PFTs; (2) analyze the impact of elevated atmo-
spheric CO; concentrations, nitrogen deposition, and
variations in light conditions on the Rub—Chl rela-
tionship via a meta-analysis; and (3) to assess the abil-
ity of a Rub-based semi-mechanistic model to estim-
ate Vcmax,s based on the Rub—Chl relationship. To
address these issues, we primarily used observational
data on leaf Chl, Rub, and Vcmax,s from published
literature.

2. Materials and methods

2.1. Data collection

Chlorophyll and Rub data were collected from previ-
ous studies (1990—2018) via a Web of Science search.
A total of 1,043 results were found by searching
‘chlorophyll Rubisco content.’ A screening procedure
was implemented to select studies that: (1) included
synchronized observations of leaf Chl and Rub con-
tents; (2) used area or mass units; and (3) had
measurements of sunlit leaves, without treatments of
CO,, nitrogen, and light. In addition to this screen-
ing, studies with more than five observations in one
growing season were treated specifically to explore
the Rub—Chl relationship over time. For the meta-
analysis, the studies were included if they reported (1)
both Rub and Chl contents in the control and treat-
ments (light, CO,, or nitrogen) and (2) the means,
standard deviations, and sample sizes for the control
and each treatment.

After the screening procedure, 76 studies met the
criteria (appendix A and table S1 (available online at
stacks.iop.org/ERL/17/014028/mmedia)), and their
spatial distributions are shown in figure 1.

To test the Rub—Chl relationship of different
vegetation types at different locations, multiple meas-
urements of Chl and Rub contents in a year for one
species were averaged. In total, 132 observations were
collected, of which 108 observations were reported
in area units and 24 in mass units. To explore the
Rub—Chl relationship that is applicable across the
growing season, seven long-term observations repor-
ted in seven studies were collected (table S1). The
numbers of observation data suitable for the meta-
analysis of the impacts of light, CO,, and nitrogen
on the Rub—Chl relationship were 15, 21, and 31,
respectively. Simultaneous measurements of Chl and
Rub contents were directly collected from published
tables or extracted from figures using the GetData
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Graph Digitizer 2.24 (http://getdata-graph-digitizer.
com).

2.2. Dummy variable regression analysis

A linear model was used to test the Rub—Chl rela-
tionship of different vegetation types at different loc-
ations and over time. Between species, the differences
in the regression coefficients were tested through a
dummy variable regression analysis, which is a widely
used method to determine whether the coefficients
of different regression lines are significantly different
(Lietal 2010). First, the dummy variable was set to
only 0 or 1 to identify the subsets of observations.
Then, a multiple linear regression model was built
with Rub content as the dependent variable and three
independent variables (Chl content, dummy variable,
and the product of the dummy variable and Chl con-
tent). Finally, multiple linear regression analysis was
conducted using the R language to test the differ-
ences in the slope and intercept between the sub-
sets of observations following the methods of Gujarati
(1970).

2.3. Meta-analysis

Meta-analysis was first conducted to evaluate the
effects of environmental changes on leaf Rub and
Chl contents. Then, the changes in the ratio of Rub
to Chl (Rub/Chl) were calculated using independent
meta-analysis results of Rub and Chl contents to show
the impacts of the environment on the relationship
between Chl and Rub contents.

Response ratios (RRs) were calculated to evalu-
ate the responses of Rub and Chl contents to light
intensity, CO, enrichment and nitrogen addition.
The RR of an individual experiment is defined in
equation (1), which takes the logarithmic form to
reduce bias and ensure a normal sampling distribu-
tion (Hedges et al 1999):

Xe
InRR =1n () =In(X,) —In(X,), (1)
Xe
where X, and X, are the average Chl and Rub contents
of the experimental and control groups, respectively.
The corresponding variance for each In RR was
calculated as:
S2 $?
' X2 * neX?

(2)

where S, and S, are the standard deviations of the
experimental group and control group, respectively,
and 7. and n. are the sample sizes of the experi-
mental and control groups, respectively. The integ-
rated response ratio (RR) is the weighted average of
all individual RRs (In RR;):

RR— > (InRR; x wi)7 3)

2. (wi)

where In RR; is the response ratio of treatment i; w;
is the weighted coefficient, which is calculated as the
reciprocal of v, that is,
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1
wp = —. (4)
Vi

The integrated response ratio is converted to the per-
centage change D by:

D= (e"® — 1) x 100%. (5)

The 95% confidence interval (CI) value of RR is
defined by:

CI = RR + 1.96SE

1
SEz,/ZWi. (6)

2.4. Modeled Vcmax;s by the Rub—Chl relationship
A Rub-based semi-mechanistic model is used to sim-
ulate Vcmax,s (Friend 1995):

8
25 25 3
Vmax:Kcat'ﬁ'R'lo 5 (7)
where V2> is the Vemaxys (umol CO, m™2 s71);
K» is the Rub turnover rate at 25 °C

cat
(mol CO, mol sites™!' s~!); R is leaf Rub content
(g m™2); % is the constant used for converting Rub
(kg) to moles of catalytic sites on Rub molecules,
assuming the molecular weight of Rub to be 550 KD
and 1 Rub molecule to have eight catalytic sites
(Farquhar et al 1980); the constant of 10° is the
product of 1072 and 10°, which converts the units
of R and Vcmax,s to kg m™2 and pmol m=2 s71,
respectively.
Leaf Rub and Chl contents were assumed to be lin-
early correlated (Lu et al 2020):

R=a-C+b, (8)

where C is the leaf Chl content (ug m—2).

The K2, is calculated in accordance with
Eichelmann et al (2009):
e
K25 —
A 1 4d-Ruol - 8
Rmol = R/0.55, 9

where Ry is the leaf Rub content in ymol m~2 and
0.55 is the constant (g umol™') converted from the
molecular weight of Rub, that is, 550 000 g mol~; d
and e are coefficients.

By combining equations (7)—(9), Vcmax,s can be
estimated as follows:

55 800e(a.C+b)
M55 4 800d(a.C+ b))

(10)

In equation (8), coefficients a and b were fitted
using our collected leaf Chl and Rub contents from
previous studies (see section 2.1), while d and e in
equation (10) were fitted to different PFTs using other
collected Chl content and Vcmax;,s data from previ-
ous studies (Feng and Dietze 2013, Croft et al 2017,
Migliavacca et al 2017, Wang et al 2020, Qian et al
2021) and our observations of a rice paddy and grass-
land in Jurong (31° 9 N, 119° 1 E) and Duolun
(42° 2 N, 119° 17 E) ecological observatory stations
in China, respectively (table S2). In these studies,
Vcemax,s and Chl were measured simultaneously. In
order to determine Vcmaxys, the leaf carbon diox-
ide response curves were measured using the LI-6800
or LI-6400 portable infrared gas analyzers (LICOR,
Lincoln, NE, USA). The details on the measurements
of Vcmax,s and Chl were described by Lu et al (2020).

For each PFT, a random selection of 50% of the
paired Chl content and Vcmax,s data was used to cal-
ibrate the parameters d and e in equation (10). And
the remaining 50% of the paired Chl content and
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Figure 2. The Rub—Chl relationship of different vegetation types. The data for generating the Rub-Chl relationship is from the
observations at different locations (figure 1). *** and ** represent significance levels of 0.001 and 0.01, respectively. Grs—shr

denotes the combination of grass and shrub.

Vcemax,s data was used to validate the model inde-
pendently.

3. Results

3.1. Relationships between leaf Chl and Rub
contents in different vegetation types and overtime
The relationship between Chl and Rub contents was
tested using 132 collected observations at different
locations (figure 2). The collected data of C3 grass
(N = 5) and shrub (N = 7) (grs—shr) were com-
bined because their sample sizes were low. The C4
type included the observation of C4 grass (N = 16)
and maize (N = 2). The leaf Chl content of all C3
plants was significantly correlated with leaf Rub con-
tent (R* = 0.64, p < 0.001, N = 90) in area units. A
close relationship was also found in the mass units
(R?> = 0.75, p < 0.001, N = 24) (figure S1). As most
of our collected observations (108 out of 132) and
the leaf Chl content retrieved from remote sensing are
expressed on an area basis, only those observations in
area units were used for further analysis.

Strong linear relationships between Rub and Chl
contents were found for individual (PFTs) (figure 2)
according to the observations at different locations
(figure 1). The R® values were 0.73 (N = 17,
p <0.001), 0.67 (N = 61, p < 0.001), 0.54 (N = 12,

5

p < 0.01), and 0.72 (N = 18, p < 0.001) for forest,
crop, grs—shr, and C4 plants, respectively. And R? of
grs-shr was lower than that of others. Owing to data
limitation, grass and shrub were treated as the same
PFT in the analysis. Their physiological and mor-
phological differences could definitely affect the lin-
earity of the Rub-Chl relationship for this combined
PFT.

The dummy variable regression analysis indicated
that the slope of the Rub—Chl relationship for crop
(0.068) was significantly different from those of forest
(0.041) and grs—shr (0.043) (panel L. in figure 3). The
slopes of forest and grs—shr were not significantly dif-
ferent. The slope of C4 plants (0.018) was signific-
antly lower than that of C3 plants (0.056) (panel L.
in figure 3), due to the lower demand for Rub in C4
photosynthesis, where CO, carboxylation is under an
anaerobic environment (Ehleringer et al 1991).

3.2. Seasonal changes of the relationships between
leaf Chl and Rub contents

Leaf nitrogen allocation between the different photo-
synthetic (e.g. Chl and Rub) and non-photosynthetic
pools (e.g. cell wall materials) changes with leaf
ontological stages (Croft et al 2017), which might
cause a seasonal change in the Rub—Chl relationship.
Seven distinct time series of concurrent observations
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time-series of observations. Black lines are the overall relationship in time series for PFTs.

of Chl and Rub contents were used to investigate
whether the Rub—Chl relationship changed with sea-
sons (figure 4). In each time series, the number of
paired observations ranged from 5 to 12. Details on
these seven distinct time series of observations are lis-
ted in table S1.

The linear correlations of leaf Chl and Rub con-
tents were significant (p < 0.001) over time for dif-
ferent C3 PFTs (black line in each panel of figure 4),
indicating that a uniform Rub—Chl relationship was
applicable across seasons. Comparing the slopes of

different vegetation types in figure 4, the dummy
variable analysis indicates that the slopes of the
two C3 vegetation types, forest, and grs—shr, were
close (T.panelin figure 3, p>0.05) in time series,
but their slopes were significantly lower than that
of crops (T.panel in figure 3, p < 0.05). Mean-
while, no significant differences were found in the
cross-comparisons among the Rub—Chl relationships
shown in figures 2 and figure 4 in terms of the slope
for the same PFTs (panel cross check in figure 3,
p > 0.05). Therefore, for the same PFTs, the Rub—Chl
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CRP (N = 55) denote broad deciduous forest, evergreen needleleaf forest, grass, shrub, and C3 crop, respectively.

relationships generated from the observations collec-
ted from varied locations (figure 1) and across grow-
ing seasons were comparatively consistent, which
is conducive to Vcmax,s estimation from leaf Chl
content.

3.3. Modeled Vcmax,s using the Rub—Chl
relationship

Leaf Rub content and Kcat,s are two key paramet-
ers for modeling Vcmax,s using the Rub-based semi-
mechanistic model shown in equation (7). The above
analysis suggests that leaf Chl content is an effect-
ive proxy for leaf Rub content, while Kcat,s can be
estimated empirically using equation (9). The Rub—
Chl relationship for each PFT shown in figure 2
was applied to the modeling leaf Rub content using
leaf Chl content. Figure 5(b) shows a comparison
of the modeled Vcmax,s estimated on the basis
of the Rub—Chl relationship against ground-based
Vcmax,s observations for different PFTs, including
broad deciduous forest (DBF), evergreen needleleaf
forest (ENF), grass (GRS), shrub (SHR), and crop
(CRP).

Figure 5(a) shows the changes in Kcat,s estimated
by equation (9) along with the Rub content. The coef-
ficients e and d of equation (9) fitted by paired meas-
urements of Vcmax,; and leaf Chl content collec-
ted from previous studies ranged from 2.94 (DBF) to
3.41 (CRP) and 0.008 (DBF) to 0.017 (ENF), respect-
ively (table S3). Generally, our simulated Kcat,s was
in the range of 95% confidence interval (CI) fitted
using the observed Kcat,s and Rub content repor-
ted by Eichelmann et al (2009). As to the natural
PFTs, including DBE, ENFE, GRS, and SHR, the change
in Kcatys along with the Rub content was close to
that of birch reported by Eichelmann et al (2009).
Our estimated Kcat,s of crops was lower than that of
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the corresponding value in the study of Eichelmann
et al (2009), especially when leaf Rub content was
in a low range (1-2 gm™2). The change in Kcat,s
along with Rub content reported by Eichelmann et al
(2009) was based on measurements on tobacco leaves.
They pointed out that the tobacco species used in
their experiment had low contents of Rub, with high
turnover rates. As a consequence, the reported Kcat,s
was higher than our estimates.

Based on the strong relationship between leaf Chl
and Rub contents, the estimated Vcmax,s was gen-
erally consistent with observations (R> = 0.75 and
RMSE = 15.47 ggmol m~2 s~ for all PFTs combined)
(table 1). However, the slopes of all individual PFTs
were lower than 1.0, indicating that low Vcmax,s was
overestimated, while high Vcmax,s was underestim-
ated systematically.

3.4. Effects of environmental factors on the
Rub-Chl relationship

In order to identify the impacts of environmental
conditions on the Rub-Chl relationship, a meta-
analysis of different environmental drivers was per-
formed (figure 6) across cropland and natural veget-
ation types (FGS, forest, grass and shrub). These
drivers included light intensity, CO, enrichment and
nitrogen fertilization as well as different treatments
for each environmental variable.

The metadata analysis indicates that a decrease in
light intensity caused leaf Chl content to increase by
6.69% (figure 6(a)) and Rub content to decrease by
29.57% (figure 6(b)), on average. These changes led
to a decrease in the Rub/Chl ratio by an average of
33.99% (figure 6(c)). The effect of light intensity on
the Rub/Chl ratio has an important implication when
the relationship established by observations on sunlit
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Table 1. Comparison of modeled and observed Vcmax;s.

Veg. Full name of veg. Slope Inter. R? RMSE
1 DBF Broad deciduous forest 0.71 17.47 0.66 14.03
2 ENF Evergreen needleleaf forest 0.52 34.47 0.52 10.26
3 GRS Grass 0.59 25.90 0.65 14.21
4 SHR Shrub 0.62 22.41 0.60 18.64
5 CRP C3 Crop 0.81 19.50 0.74 17.53
6 ALL All vegetation types 0.80 14.82 0.75 15.47

Note: Veg. and inter. are vegetation and intercept, respectively. R” is the determination coefficient. RMSE is the root mean square error
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Figure 6. Relative changes in (a) chlorophyll content, (b) Rubisco content, and (c) in the ratio of Rubisco to chlorophyll caused by
changes in light intensity, CO, enrichment, and nitrogen addition. FGS refers to forest, grass, and shrub. For light, middle and

low treatments, the photosynthetic photon flux density (PPFD) were in the range of 500-550 and 300-350 gmol m~2 s~ 1!,

1

respectively, or were represented by the observations in the middle and low canopy, respectively. For CO,, high and middle ranges
are CO; concentrations in the range of 1000-1200 and 500-800 ppm, respectively. For nitrogen, high and low nitrogen addition
levels were classified according to the original classification in the literature.

leaves (figures 2 and 4) is used to estimate the Rub of
shaded leaves within a canopy.

Figure 6(a) shows that a CO, enrichment of
500-1,200 ppm resulted in a significant decrease
in Chl content by 16.31% on average. Rub con-
tent also exhibited a decrease under elevated CO,
(figure 6(b)), which was stronger than the response of
Chl content to elevated CO,. Therefore, elevated CO,
caused the Rub/Chl to decrease by 10.08% on aver-
age (figure 6(c)). The reduction of Rub/Chl caused
by elevated CO, was stronger in natural ecosystems
(FGS) (~11.41%) than in crop ecosystems (—8.86%).

On average, nitrogen addition induced Chl and
Rub contents to increase by 45.03% (figure 6(a))
and 66.21% (figure 6(b)), respectively. In turn, the
Rub/Chl increased by 14.06% (figure 6(c)). The

addition of nitrogen to natural ecosystems resulted in
larger increases in both Chl and Rub contents than
its effects in crop ecosystems. High nitrogen addition
increased Rub/Chl by 18.53%, which was higher than
the increase in Rub/Chl (2.52%) under low nitrogen
addition.

4. Discussion

4.1. The dynamic nature of the Rub—Chl
relationship

The findings of this work confirm that leaf Chl and
Rub contents were significantly correlated, as a res-
ult of their coordinated roles in plant photosynthesis
(Evans 1989). The process of photosynthesis begins
with light energy that is harvested by Chl molecules
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to drive the synthesis of NADPH and ATP for storing
chemical energy. This conversion from light energy to
chemical energy takes place in the reaction centers of
Photosystem I and Photosystem I in the chloroplast.
The chemical energy is then used to drive the pro-
cesses of CO; assimilation in the Calvin cycle. These
processes are called carboxylation of CO, catalyzed
by Rub. Previous studies have shown that Rub con-
tent is closely related to the quantities of reaction cen-
ters in Photosystem II (Krall and Edwards 1992, Ou
etal 2003) and Photosystem I (Eichelmann et al 2004)
in leaves, which are also determined by the leaf Chl
content (Evans and Poorter 2001, Burns et al 2005).
The correlation between leaf Chl and Rub content
is due to the coupling between light harvesting and
carboxylation processes to maximize photosynthesis
(Carmo-Silva et al 2015).

In contrast to the complex changes in the rela-
tionship between leaf Chl and nitrogen contents dur-
ing the growing season (Sage et al 1987, Evans 1989,
Ghannoum et al 2005, Croft et al 2017), the correl-
ation between leaf Chl and Rub contents was robust
over time (figure 4). The nitrogen content in a leaf can
be divided into structural nitrogen (such as cell walls)
and photosynthetic nitrogen, including Chl and Rub.
During the growing season, changes in the struc-
tural and photosynthetic nitrogen pools are dynamic
(Hikosaka 2010, Houborg et al 2013). In this case,
the total leaf nitrogen content is a poor indicator of
photosynthetic capacity (Croft et al 2017). However,
Chl and Rub are important pigments and enzymes,
respectively, in photosynthetic physiology, and can
be used as proxies to indicate nitrogen investment in
photosynthesis (Scafaro et al 2017, Luo et al 2019).
The Rub—Chl relationship avoids interference from
the dynamics of nitrogen partition between structural
and photosynthetic pools.

The linear relationship between leaf Chl content
and Vcmax; was illustrated by a study within a
deciduous forest in Canada (Croft etal 2017). Accord-
ing to equations (7) and (8), this relationship is lin-
ear for a given value of Kcat,s. However, if data with
different values of Kcat,s were lumped together, the
relationship between leaf Chl content and Vcmaxss
would be nonlinear. In reality, Kcatys varies to some
extent, caused by abiotic factors such as water supply,
nutrient supply, temperature, among others (Bar-On
and Milo 2019). Thus, the relationship between Chl
and Vcmax,s exhibits some nonlinearities when data
collected under different environmental conditions
are analyzed. As shown in figure 7, the linearity of
the relationship between Chl and Vcmax,s decreases
with the variation in Kcat,s within a specific PFT. The
standard deviation of Kcat,s of broad-leaf forest is the
smallest (SD = 0.10 molco, molges ' s71), and its
linear relationship between Chl and Vcmax,s is the
strongest. The SD of Kcat,s of the crop is the largest
(SD = 0.27 molco, molges ! s™1), and its linear rela-
tionship between Chl and Vcmax,s is the weakest
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among all PFTs. Therefore, Kcat,s has an impact on
the robustness of the relationship between Chl and
Vcemax,s. We suggest that this is one of the reasons
why varied Vcmax,s-Chl relationships were found
among PFTs in previous observation studies (Croft
et al 2017, Wang et al 2020, Qian et al 2021).

4.2. Changes in Rub/Chl and implications for the
estimation of carbon budgets

According to our study, natural ecosystems, includ-
ing forests, grasslands, and shrubs, had a relatively
stable slope for the Rub—Chl relationship across loc-
ations and over time. However, the slope of the C3
crop was different from those of the natural ecosys-
tems (figure 3). Crops normally grow in an envir-
onment with artificial management such as fertiliz-
ation and irrigation, which could be responsible for
the higher slope in the Rub—Chl relationship. This
was substantiated in figures 2 and 4, which demon-
strated that an increase in the Rub/Chl slope for crops
might be induced by nitrogen addition. While our
meta-analysis results show that the average increase
in Rub/Chl under nitrogen addition was approxim-
ately 14.6%, the slope of the Rub—Chl relationship for
crops was about 64.0% higher than those of forests
and grs—shr (figure 2). Therefore, the higher slope of
the Rub—Chl relationship could be partially due to
the difference in nitrogen richness between croplands
and natural ecosystems. A further explanation may be
due to breeding for the genetic optimization of crops.
According to the studies of Makino and Sage (2007)
and Sudo ef al (2014), the Rub/Chl of transgenic
crop plants with sense Rub small subunit (rbcS) was
42.12% higher than that of the wild type on average.
To increase crop production, the processes of photo-
synthesis are manipulated to increase CO, assimila-
tion by genetic engineering (Simkin et al 2019) or by
classic breeding (Katsura et al 2007, Fujimoto et al
2012, Huang et al 2016), which also affects Rub/Chl
in crops.

The findings in this study support the light-
nitrogen hypothesis, Rub/Chl decreasing with the
increase in shading (Warren and Adams 2001). The
underlying cause of this decrease is the effect of
light on the economics of nitrogen distribution (Field
1983, Friend 2001, Wright et al 2006). More nitro-
gen is allocated to the light harvesting apparatus
used to capture light, thereby reducing the nitrogen
allocation to Rub (Evans 1989, Posada et al 2009).
Our meta-analysis added further evidence that the
light-nitrogen hypothesis and showed that reduced
light intensity caused Rub/Chl to decrease by 34.0%
on average. Currently, ecosystem models have con-
sidered the different contributions of sunlight and
shade leaves to canopy carbon assimilation (He et al
2013). Our study provides a correction to the Rub/Chl
ratio via the light gradient, which will help improve
the estimation of the photosynthetic rates of shade
leaves in ESMs.
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Figure 7. The relationship between the measured leaf Chl content and Vcmaxys in (a) forest; (b) grs—shr; and (c) crop. The data
are collected from previous studies and from our observations (table S2). The solid lines that are colored grey to black in each
panel are the theoretical relationships between leaf Chl and Vcmax,s under different Kcat,s, according to the combination of
equations (7) and (8). The parameters a and b in equation (8) were set according to the findings shown in figure 2.

Many studies have shown that Rub reduces faster
than any other photosynthetic component under CO,
enrichment (Makino and Tadahiko 1999, Sudo et al
2014). Our meta-analysis also showed that the negat-
ive impact of elevated CO, on Rub was greater than
that on Chl, which caused a decline in Rub/Chl. At
the leaf scale, the decline in Rub, along with other
photosynthetic components, is mainly due to the
decrease in leaf nitrogen content caused by elevated
CO, (Makino and Tadahiko 1999). Similar declines
have been reported with observations in different
vegetation types (Makino et al 1997, Ellsworth et al

2004, Bader et al 2013). The allocation of nitrogen to
leaves is reduced by dilution resulting from increases
in leaf area, plant mass, or by the allocation of nitro-
gen to leaf structure (Makino et al 1997, 1999, Norby
et al 2010, Sardans et al 2017). Under the back-
ground of rising CO,, the reduction in Rub caused
by the decrease in leaf nitrogen content will affect the
magnitude of CO, fertilization. Without considera-
tion of this mechanism, the CO, fertilization effect
may be currently overestimated by ESMs based on
enzyme kinetics. The contribution of the increase
in LAI caused by elevated CO, to global carbon
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budgets should be further investigated (Winkler et al
2019).

Besides the environmental factors shown in
figure 6, the impact of temperature on the Rub/Chl
could not be neglected. In this study, we did not
collect sufficient experimental data to investigate
this impact. And since Rub and Chl are import-
ant for Vcmax and Jmax, respectively, this impact
of temperature could be inferred from the previ-
ous studies focusing on the impact of temperature
on Vcmax/Jmax. It is well-known that the ratio of
Jmax to Vcmax declines with temperature (Medlyn
et al 2002) because Jmax and Vcmax are differen-
tially sensitive to temperature (Walker et al 2014).
Such results of Vecmax/Jmax portend the unsynchron-
ized changes of Chl and Rub under varied temper-
atures. Therefore, more temperature control experi-
ments are needed to investigate how Rub/Chl change
in the warming future.

4.3. Mapping Vcmax,s through the Rub—Chl
relationship

The maximum rate of carboxylation normalized to
25 °C exhibits large spatial and temporal variability
(Groenendijk et al 2011, Smith et al 2019), and its
accurate estimation can reduce the uncertainty of car-
bon budget simulation in ESMs (Kattge et al 2009,
Rogers et al 2017, Luo et al 2019). In theory, plants
coordinate resources to maximize the rate of pho-
tosynthesis (Prentice et al 2014). According to this
‘coordination hypothesis’ theory, Vcmax;,s can be cal-
culated by optimizing the water cost in carboxyla-
tion (Smith et al 2019) or by optimizing the leaf
utilization of nitrogen for carbon assimilation (Ali
et al 2016). Our findings indicated the optimization
between light harvest and carboxylation through the
strong correlation between leaf Chl and Rub con-
tents and therefore confirm the ‘coordination hypo-
thesis’ theory. Combined with the remotely sensed
leaf Chl content (Croft et al 2013, 2020, Xu et al 2019),
the Rub—Chl relationship has a potential application
in mapping Vcmax,s. The high robustness of the
Rub-Chl relationship within vegetation types under
ambient conditions is critical for mapping Vcmax,s
because current empirical models have large uncer-
tainties in prescribed parameters for simulating car-
bon fluxes over large spatiotemporal scales (Rogers
et al 2014). The close Rub—Chl relationship in natural
ecosystems makes it possible to map the Rub content
using a uniform set of parameters by remotely sensed
Chl content.

Remotely sensed SIF (Solar-Induced Chlorophyll
Fluorescence) is the most popular metric to improve
the simulation of carbon assimilation. Its empirical
relationship with Vcmax,s was pointed out by the
model study at eddy-covariance fluxes tower (Zhang
et al 2018) and by in-situ observations (Li et al 2020).
However, the sensitivity of SIF to Vcmax is likely low
because Vcmax is involved in the dark reaction of
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photosynthesis whereas SIF is emitted during the light
reactions of photosynthesis (Frankenberg et al 2018).
As a result, empirical estimation of Vcmax,s through
remotely sensed SIF still needs further research. And
the fusion of remotely sensed SIF into terrestrial bio-
sphere models has been illustrated as an effective way
to optimize Vcmax,s at a global scale (He et al 2019,
Wang et al 2021).

The Kcatys is a key parameter affecting Vemax,s
estimated according to the Rub—Chl relationship
(equations (7) and (8)). Eichelmann et al (2009)
proposed an empirical method to estimate Kcatys.
The applicability of this method was substanti-
ated in this study. The averages of our estimated
Kcatys ranged from 2.46 molco; molges ™! 57!
(conifer) to 2.71 molco, molges™' s~ (shrub)
(table S4), in the range of mean C3 plants Kcat,s
(2.99 £ 0.58 molco, molges~! s7!) reported
by Flamholz et al (2019). Our estimated Kcatys
showed some variations within the same PFT. The
SD values of the estimated Kcatys ranged from
0.10 molco, molges ' s~! (broad leaf forest) to
0.27 molco; molgees ™! s™! (C3 crop) (table S4).
The small SD values of individual PFTs imply that
the mean values of our estimated Kcat,s are directly
applicable for the regional and global mapping of
Vcemaxys. Of course, this simplification would defin-
itely induce uncertainties in the estimated Vcmax;s.
The Kcatys is tightly linked to Rub content (figure 5),
which might be empirically estimated from the Chl
content (figure 2). This provides another option to
determine Kcatys for mapping Vemax;s. It is worthy
of further investigation to determine Kcat,s for better
mapping Vemax,s from remotely sensed Chl content
using the semi-empirical mechanistic model.

The biases of modeling Vcmax,s by coupling
the Rub—Chl relationship into the Rub-based semi-
mechanistic model in our study (figure 5(b)) indic-
ate the uncertainties of the parameters and model
structure. On the one hand, the empirical estimation
of parameter Kcatys brings uncertainties into mod-
eling Vemax,s. On the other hand, insufficient Rub
and Chl data collected from published literature at
low or high values have reduced the reliability of the
Rub-Chl relationship and have hampered the pre-
diction of Vcmaxys. Further, the collected data from
previous experimental studies indicated that global
change factors such as elevated CO, and atmospheric
nitrogen deposition induced changes in the Rub—Chl
relationship. Methodical equations that can describe
these effects are still unavailable. Further investiga-
tion is required to include these effects in the Rub-
based semi-mechanistic model for better mapping
Vcemax;s.

5. Conclusions

In this study, the relationships between leaf Chl and
Rub content, in different PFTs and under different
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environmental conditions were investigated by com-
piled data from 76 previous studies. The signific-
ant linear Rub—Chl relationships differed among nat-
ural C3 vegetation types, C3 crops, and C4 plants
according to 108 observations at different locations.
And seven distinct time series of concurrent obser-
vations of leaf Chl and Rub contents showed that
the Rub-Chl relationships across locations and time
were similar for the same PFTs. According to dummy
variable regression analysis, natural C3 PFTs demon-
strated a consistent Rub-Chl slope, which was signi-
ficantly different from those of crop and C4 plants.
Based on PFT-specific Rub—Chl relationships, a semi-
mechanistic model was able to estimate Vcmax,s by
leaf Chl content with high confidence. Thus, leaf
Chl content is a good proxy of Rub for estimat-
ing Vcmax,s using the semi-mechanistic model. A
meta-analysis indicated the coupling between leaf Chl
and Rub content was strongly affected by environ-
mental changes, e.g. reduced light intensity, elev-
ated CO,, and nitrogen addition. Currently, these
effects have not been incorporated into any models
for estimating Vcmax,s. We suggest further invest-
igation for including these effects in the Rub-based
semi-mechanistic model for better mapping Vcmax;s
under future climate. Our findings have important
implications for improving global carbon cycle mod-
eling by ESMs through the better parameterization of
Vcemax,s using remotely sensed leaf Chl content.
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