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Abstract

Elevated atmospheric CO, concentrations (e[CO,]) have a profound impact on crop production. However, within the
e[CO,] trend, the influence of different nitrogen (N) application rates on the photosynthetic efficiency of rice leaves, as
well as the resulting changes in grain yield, remains poorly understood. Open-top chambers (OTCs) were utilized as the
research platform; there were three [CO,] treatments, i.e., ambient [CO,] treatment as the control group (CG, 400+10
mmol mol-1); C1 (560« 10 mmol mol™); and C2 (600 + 10 mmol mol™); and three levels of nitrogen fertilizer, N1, N2,
and N3 (100, 200, and 300 kg ha~!). Chlorophyll fluorescence (ChIF) technology was used to study the variations in
photosynthetic parameters during the crucial growth stage of rice and to analyze yield composition disparities. The find-
ings demonstrated that the level of e[CO,] and nitrogen fertilizer dose significantly influenced the chlorophyll content and
photosynthetic efficiency of rice leaves throughout the growth period, ultimately impacting yield composition. Moreover, a
notable positive interaction effect between these two factors was observed. Compared with CGN1, N2 and N3 had greater
leaf maximum photochemical quantum efficiency (F,/F,,) and energy transformation potential (F,/F ). Relatively speaking,
nitrogen fertilizer had a more significant effect than e[CO,]. Overall, e[CO,] can undeniably enhance rice photosynthesis
and ultimately lead to increased yield, but it is imperative to also focus on augmenting the application of nitrogen fertilizer.
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1 Introduction and carbon dioxide (CO,) is widely recognized as the most
significant contributor to greenhouse effects (Cui et al. 2023;
Ou et al. 2021). The global atmospheric CO, concentration
([CO,)) increased from 310 ppm to 415 ppm between 1960

and 2021, with projections indicating a potential increase

Anthropogenic activities, such as land-use changes, defores-
tation, and the combustion of fossil fuels, release substantial
quantities of greenhouse gases (GHGs) into the atmosphere,
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to around 600 and 800 ppm by the middle and end of the
century, respectively (Baldwin et al. 2019). Atmospheric
elevated CO, concentrations (e[CO,]) will have a profound
impact on agricultural planting ecology and production sys-
tems (Cui et al. 2023). The significance of rice as a staple
food worldwide cannot be overstated, with approximately
45-50% of the global population relying on rice food (Bai-
ley-Serres et al. 2019; Zhu et al. 2018). Food production
has undergone a remarkable increase in recent years; how-
ever, the efficiency of photosynthesis has stagnated, and
the potential for enhancing photosynthetic efficiency has
the capacity to boost yields by up to 40% (Miglani et al.
2021; Simkin et al. 2019). Analyzing crop photosynthetic
responses to e[CO,] and maximizing the “fertilizer effect”
induced by elevated [CO,] will contribute to mitigating the
adverse impacts of climate change on crop production (Faye
et al. 2023; Wang et al. 2021).

Chlorophyll fluorescence (ChlF) technology is a conve-
nient, time-efficient, and nondestructive practice for clari-
fying photosynthetic physiology and has been applied to
crops such as rice, wheat, maize, and tomato (Buareal et
al. 2023; Dechant et al. 2020; Li et al. 2023; Zhang et al.
2023). The results of these studies can help determine the
laws governing light energy absorption and the photosys-
tem II (PSII) electron transfer rate in the leaves of plants,
as well as elucidate the mechanisms underlying light adap-
tation, suppression, and protection in the photosynthetic
system of plants (Dechant et al. 2020). After being excited
by light, PSII electrons are transported to chlorophyll and
subsequently to two quinone molecules, QA and QB, for
power. Alterations in the parameters of light capture, elec-
tron transport, and energy conversion activity are important
for exploring photosynthetic metabolism (Lv et al. 2022).
CO, serves as a substrate for plant photosynthesis, possess-
ing both infrared absorption characteristics and providing
the necessary carbon for plant growth and photosynthesis
(Wang et al. 2018). An e[CO,] enhances the conversion
rate and activity of PSII, thereby augmenting primary pho-
toenergy and ultimately elevating photosynthetic capac-
ity (Buareal et al. 2023; Javaid et al. 2022). As a typical
C; crop, rice exhibits sensitivity to potential alterations in
environmental CO, levels (AbdElgawad et al. 2021; Faye
et al. 2023). Cai et al. (2020) reported that e[CO,] enhanced
nitrogen utilization, the electron transport rate, and ChlF
efficiency in rice leaves; Wang et al. (2020) revealed that
the impact of e[CO,] on crop photosynthesis varied across
different growth stages. Moreover, ¢[CO,] exposure after
the rice panicle stage accelerated leaf senescence, decreased
the chlorophyll content (SPAD), and impaired the regula-
tion of photosynthetic processes. Furthermore, some related
findings have shown that prolonged exposure to high CO,
concentrations does not significantly impact fluorescence
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parameters, even inhibiting plant photosynthetic rates, dis-
rupting the central structure of PSII reactions, or reducing
the leaf photosynthetic capacity (Leakey et al. 2012; Wang
et al. 2015b).

Excessive nitrogen use can cause nitrogen loss and
environmental pollution, and proper nitrogen manage-
ment, such as adjusting fertilization rates and timing and
implementing precision agriculture, can reduce nitrogen
losses and environmental risks (Saiki et al. 2020; Yin et al.
2023). Promoting the use of crop varieties with high nitro-
gen use efficiency and optimizing nitrogen fertilizer sources
can also help reduce nitrogen pollution (Saiki et al. 2020;
Wagqas et al. 2023). In addition to aboveground variables,
light, temperature, and CO, are the primary regulatory fac-
tors for photosynthetic capacity (Dong et al. 2022; Waring
et al. 2023). The availability of nitrogen (N) significantly
impacts the levels of leaf photosynthetic pigments, thyla-
koid membrane proteins, and Calvin cycle-related enzymes,
consequently affecting the capacity for photosynthetic CO,
fixation (Andrews et al. 2018; Dong et al. 2022; Liu et al.
2023). The application of nitrogen can maintain carbon
storage in terrestrial ecosystems under e[CO,], mitigate the
adverse effects of potentially high e[CO,] on plants, and
increase crop photosynthesis and electron transport capac-
ity (Kumar et al. 2023; Xu et al. 2020). It has been reported
that increasing the nitrogen application rate results in ele-
vated ChlF parameter values, such as initial fluorescence
(F,), potential photochemical efficiency (F,/F,), and maxi-
mum photochemical efficiency (F,/F,,) of PSII (Lin et al.
2013; Yin et al. 2023). Research on the difference between
the effect of e[CO,] and nitrogen application rates on crop
photosynthesis has progressed (Feng et al. 2015; Snider et
al. 2021; Wang et al. 2022). One can hypothesize that there
exists a threshold for nitrogen fertilizer application under
specific e[CO,] conditions, which may reach the optimal
level to enhance crop photosynthesis and the formation of
the final yield. The underlying mechanism linking these fac-
tors has yet to be elucidated.

Current studies on the response of crops to ¢[CO,] pri-
marily focus on fixed CO, concentrations, where there is a
sudden increase in CO, levels followed by a sustained high
concentration. The increase in [CO,] is a gradual process
(Ainsworth and Long 2021; Wang et al. 2015a, 2019). This
study utilized an automatic control system and open-top
chambers (OTCs) to investigate the impact of varying CO,
concentrations and nitrogen application levels on SPAD val-
ues, chlorophyll fluorescence induction kinetic curves, and
parameter characteristics at different growth stages of rice
over a two-year period. The determination of grain yield was
conducted after the rice plants reached maturity. The antici-
pated outcomes of this study will offer technical support and
establish a theoretical foundation for the application of ChlF
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technology in investigating the mechanisms of crop photo-
synthetic adaptation under e[CO,] conditions. Furthermore,
these findings will contribute to the development of strat-
egies for optimizing nitrogen fertilizer application in crop
production.

2 Materials and Methods
2.1 Study Site

The experimental field site was located at the Agrometeo-
rological and Ecological Experimental Station (32.21°N,
118.71°E; 18 m above sea level), which is affiliated with
Nanjing University of Information Science and Technology
in Jiangsu Province, China. Located in the middle and lower
reaches of the Yangtze River, this region features a subtropi-
cal monsoon climate and serves as one of China’s primary
grain production bases. The predominant rice-wheat rota-
tion and double-season rice cropping planting modes were
adopted in this area. The average annual precipitation in
the area is 1100 mm, while the temperature is 15.6 °C. The
soil type at the station was characterized as silty loam, with
a sand content of 5.2%, a silt content of 85.1%, a pH of
6.1, a bulk density of 1.51 g cm™3, a soil organic carbon
concentration of 9.52 g kg™, a total nitrogen concentration
of 1.18 g kg™ !, a total phosphorus concentration of 0.85 g
kg~ !, and a total potassium concentration of 18.17 gkg™! in
the depth range of 0-20 cm.

2.2 Field Experiment

The main local cultivar “Nanjing 9108” (japonica-rice) was
used as the research object; it grew for 149—-153 days, and
the rice was cultivated in both 2019 and 2020. We aimed to
investigate the effects of elevated CO, levels on rice growth
and yield under field conditions, and the CO, concentrations
used were based on realistic scenarios of future CO, lev-
els that are projected to occur due to climate change. The
study consisted of three [CO,] treatments: ambient [CO,]
as a control (CG, 400+10 mmol mol™), and a gradual
increase in [CO,] of 160 pmol mol~! (C1, 560+ 10 mmol
mol™) and 200 pwmol mol~! (C2, 600+ 10 mmol mol™")
compared to that in CG; the CO, concentration gradually
increased from seedling transplantation until maturity.
Each [CO,] treatment consisted of 4 replicates, resulting in
a total of 12 OTCs. In each OTC, different rice growing
areas were divided, and three levels of nitrogen fertilizer
were also applied: low nitrogen (N1, 100 kg ha™!), medium
nitrogen (N2, 200 kg ha™'), and high nitrogen (N3, 300 kg
ha™!). During the experiment, plastic or glass barriers were
installed between different plots to prevent the movement of

nitrogen across the areas. In addition to relying on natural
rainfall, artificial irrigation was also carried out to ensure
that nitrogen would not flow into other plots. Therefore,
this study included a total of 9 treatments: CGN1, CGN2,
CGN3, CINI1, CIN2, CIN3, C2N1, C2N2, and C2N3. The
OTCs were octagonal prisms made from aluminum alloy
frames with a height of 3 m, opposite side diameter of
3.75 mm, and base area of 10 m?, as shown in Fig. S1. The
glass had top openings inclined inward at a 45-degree angle,
and high light transmittance ordinary glass was installed.
Each OTC was equipped with a temperature and humid-
ity automatic recorder and CO, sensor (GMM222, Vaisala,
Finland), which had a range of 0-2000 umol mol~! and a
response time of 30 s. A round PVC pipe, equipped with
small apertures, was securely mounted 1 m above the floor
to serve as an indoor gas delivery system. The CO, gas sup-
ply originated from a high-purity cylinder (40 L) containing
99% pure CO,. One fan was placed in each OTC to ensure
a uniform CO, concentration, and the computer program
automatically monitored and adjusted the CO, concentra-
tion in each OTC. A schematic diagram of the composition
of the CO, automatic control system is shown in Fig. S2.

Urea, potassium superphosphate, and potassium chlo-
ride were utilized as nitrogen, phosphate, and potassium
fertilizers, respectively. The nitrogen fertilizer was divided
into a basal fertilizer and top dressing. For rice, the basal
fertilizer used was compound fertilizer composed of 15%
nitrogen, phosphorus, and potassium (N: P: K=15%: 15%:
15%). Urea with a nitrogen content of 46.7% was applied
as the top dressing. The nitrogen fertilizer application ratio
for the N1 treatment was 3:1:1 for basal fertilizer, tillering
fertilizer, and ear fertilizer, and the ratio for the N2 and N3
treatments was 2:2:1. The same rice cultivation pattern was
consistently maintained throughout the study period. The
flooding-midterm drainage-flooding irrigation model was
adopted during the rice season, and regular pest control and
weed removal were implemented during the rice planting
period to ensure optimal crop growth. The specific division
of the critical growth stages and the fertilization schedules
used for rice are shown in Table S1.

2.3 Measurements of the Leaf Chlorophyll Content

The SPAD value can indicate the chlorophyll content
because there is a correlation between the light absorption
capacity of chlorophyll and the SPAD value. In this study,
leaf SPAD values were determined using a chlorophyll
meter (SPAD-502, Konica Minolta, Inc., Japan). Before
use, the chlorophyll meter was calibrated by turning on the
power switch and entering the main menu. The measure-
ment probe was pressed and held until the display screen
indicated “calibration successful” and the buzzer emitted a
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“beep” sound. During the measurement, a plant was placed
in the measurement position, and the measurement probe
was pressed for 2-3 s. The buzzer emitted a “beep” sound.
The measurement probe was released, and the display screen
automatically showed the SPAD value. Measurements were
conducted during the critical growth period of rice, specifi-
cally between 7:00 and 11:00 under sunny weather condi-
tions. Four randomly selected inverted leaves with similar
growth were chosen from the first fully unfolded leaf at the
top. After the heading stage, all sword leaves were mea-
sured. The middle section of the entire leaf was selected,
avoiding the main leaf vein. The SPAD value of the leaf was
determined by measuring the main leaf vein three times on
both sides and calculating the average value.

2.4 Determination of Leaf Chlorophyll Fluorescence
Parameters

The leaf fluorescence parameters were measured using
a continuous excitation chlorophyll fluorescence meter
(Handy PEA, Norfolk, UK), and the date of determination
was approximately the same as that for the chlorophyll con-
tent determination. All transient fluorescence from 10 ps
to a maximum of 300 s can be recorded at one time. The
instrument was equipped with a dark adaptation clip to
ensure complete adaptation of the blade. After 20 min of
dark adaptation, the fluorescence probe was placed in the
circular groove of the clip to ensure close contact and pre-
vent any light from entering. The metal shading sheet was
removed from the dark adaptation clip, after which the fast
chlorophyll fluorescence induction kinetic curve (OJIP) was
measured. Referring to Srivastava et al. (1997), the follow-
ing ChIF parameters were calculated: initial fluorescence
(F,), maximum fluorescence (F,,), and variable fluorescence
(F,) for the leaves after dark adaptation. The above param-
eters were calculated to obtain the maximum photochemi-
cal quantum efficiency (F,/F,,) and energy transformation
potential (F,/F ) of PSII.

2.5 Measurements of Grain Yield Composition

The grain yield was measured after the rice plants reached
maturity. Three plots with a sample area of 1 m? were
selected per treatment. The rice ears were harvested, dried
in an oven at 35 °C until they reached a constant weight, and
subsequently threshed to obtain solid grains, which were
subsequently weighed to determine the grain yield (GY).
Once the rice plants reached maturity, samples of leaves,
stem sheaths, ears, and roots were randomly selected from
each treatment of 40 plants per plot. These samples were
then heated in an oven at a temperature of 105 °C for thirty
minutes, followed by drying at 65 °C until a constant weight
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was achieved, after which the average weight was calcu-
lated to obtain the aboveground biomass (AGB). Moreover,
the seed setting rate (SST), spike number (SN), and kernels
per spike (KPS) were determined. The SST was represented
as a percentage, indicating the ratio of the number of filled
grains to the total number of grains per rice panicle (includ-
ing filled and empty grains). The 1,000-grain weight (TGW)
was calculated by randomly selecting 1000 seeds from the
yield determination samples, and the moisture content of the
rice was determined to be 13%.

2.6 Data Analysis

The statistical analysis in this study utilized Microsoft Excel
2021 and SPSS 22.0 software (SPSS, Inc., Chicago, IL,
USA). A two-way analysis of variance (ANOVA) was con-
ducted to study the effects of different CO, concentrations,
nitrogen fertilizer treatments, and their interaction on the
SPAD values of rice leaves. To determine the significance
of the variations in chlorophyll fluorescence parameters and
grain yield components under different CO, concentrations
and nitrogen applications, the least significant difference
(LSD) method was used (P<0.05). The statistical signifi-
cance level was set at P=0.05 or 0.01. Origin 2021 software
(OriginLab Corp., Wellesley Hills, USA) was used to gener-
ate the figures in this study.

3 Results
3.1 Leaf Chlorophyll (SPAD) Content

The leaf SPAD values of the rice plants were observed to
decrease consistently during the growth period according to
the data presented in Table 1. CIN1 and C3N1 presented an
increase in SPAD values during some stages (tillering and
booting) compared to those of CGN1, but a decrease was
observed during other stages (ranging from 0.89 to 12.87%).
In the context of e[CO,], increasing nitrogen fertilizer can
increase SPAD values, and high concentrations of CO,
along with high nitrogen application rates, have the most
significant impact on increasing SPAD values, particularly
during the rice pregrowth stage. Compared to CGN2 and
CGN3, CIN2 and CIN3 exhibited increases of 4.58% and
9.32%, respectively, during the tillering stage and 4.58%
and 9.32%, respectively, during the booting stage, while
C2N2 and C2N3 increased by 7.17% and 2.86%, respec-
tively, during the tillering stage and by 9.63% and 11.40%,
respectively, during the booting stage.

Except during the filling period, changes in the CO, con-
centration had a significant impact on the SPAD values of
the rice leaves during growth (P < 0.05). Moreover, nitrogen
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Table 1 Effects of elevated CO, concentrations and nitrogen fertilization levels on the SPAD value of rice (two-year average)

Growth stage

Treatments

CO,N
CG

Jointing Booting Heading Flowering Filling Maturity Average

Tillering

20.28 +1.6bA 37.27+1.2bA

41.12+2.2aA
41.51+1.1aA

37.99 + 1.0bAB
41.25+0.8aB

39.14+0.7bA
42.18 £0.4aA

41.90+0.8bA 39.64+1.1bB

44.81+0.5aB

40.81+0.3bB
44.76 +0.4aB

N,

39.93+1.3aA

21.91+1.9bB
26.34+1.2aA

44.20+2.4aA

N,

40.18+1.1aB

42.37+0.8bB 40.16+2.4bB 4423 +£0.8aA 41.09+0.5aB 44.92+2.1aA

42.17+0.9abB
43.72+0.1bA

N;

37.65+0.2cA 17.67+0.8¢cB 37.19+1.0bA

40.91+0.7abB

41.92 +1.5bA 38.79+0.5bA 39.22+0.4bA

41.37+1.0bA

N,

Cl

40.57 +0.6bA 23.64+1.1aA 40.18+1.1aA

42.36+0.7aA

41.43+0.7abA
44.14+1.9aA

43.10+1.8aB

45.93+0.7aAB
45.99+0.9aA

45.68 +0.6aAB
46.10+0.3aA

N,

40.49+1.0aB

18.50+0.5bB

20.12+0.6bB

43.64+0.4aA

41.09+1.0bB

N;

41.47+1.2bA 37.08+0.6bB 36.97+0.2bB 38.59+1.2bA + 36.39+1.0cB
18.56+0.6bC

38.78+1.0bB

43.37+0.5bA

N,

C2

+ 40.43+0.8bA

24.88+0.7aA

45.37+1.4aA

44.76 +£1.3aA 42.33£0.6aA 43.04+0.1aA 41.45+1.7abA

46.09+0.8aA

46.81+0.4aA

N,

42.16 +0.9aA

47.20+1.0aA 44.36+1.3aA 44.08 +1.4aA 42.99+0.2aA

46.23 +0.5aA

N;

ANOVA
o,

ns

kK

kk

kk

kk

kk

sk

sk

kK

ok

kk

ns

ko

ko

CO,XN

Note CG, C1, and C2 represent ambient [CO,] and a gradual increase in [CO,] by 160 umol mol~! and 200 pmol mol~!, respectively, and N1, N2, and N3 represent low nitrogen (100 kg ha™!),

medium nitrogen (200 kg ha™"), and high nitrogen (300 kg ha™"), respectively. The same lowercase and uppercase letters in the columns reveal significant differences among the nitrogen fertil-

4) of the

izer treatments at the same CO, concentration and among the nitrogen fertilizer treatments at different CO, concentrations (P < 0.05); values following +are the standard errors (n

replicates. * and ** indicate that ANOVA was significant at the 0.05 and 0.01 levels, respectively, and ns indicates not significant

fertilizer application exhibited an even stronger correlation
with SPAD values across all growth stages (P <0.01). Over-
all, the effect of nitrogen fertilizer on the leaf SPAD values
was significantly greater than that of the CO, concentration
changes. Furthermore, the combination of N level and CO,
concentration had a significant impact on the leaf SPAD val-
ues (P <0.05).

3.2 Chlorophyll Fluorescence Induction Kinetic
Curve

The OJIP kinetic curves of the rice leaves treated with dif-
ferent CO, concentrations exhibited a characteristic “S”
shape, encompassing distinct phases, including the O, J, I,
and P phases (Fig. 1). Compared to the CG, the C1 and C2
treatments significantly decreased the fluorescence intensity
of the OJIP curve in the rice leaves during the tillering stage,
specifically from phase J to phase I. However, no significant
changes were observed during the jointing-mature stage.
The fluorescence values at the J phase point (t=2 ms) in
the filling stage were ranked as C2 > CG> C1. Furthermore,
during the jointing and booting stages, the fluorescence val-
ues in the CG treatment surpassed those in the C1 and C2
treatments. However, in the other stages, the fluorescence
values in the CG treatment group were lower than those
in the Cl and C2 groups. The fluorescence value under
the C2 treatment exhibited a significant increase of 18.0%
(P=0.009) at the mature stage, while no statistically signifi-
cant differences were observed in the other growth stages.
The fluorescence intensity values in the tillering, booting,
filling, and milk ripening stages were greater than those in
C1 and C2 in the I phase (t=30 ms), while they were lower
than those in C1 and C2 in the other stages. However, there
were no significant differences in the fluorescence in the I
phase across the growth stages.

3.3 Chlorophyll Fluorescence Parameters

With the growth of rice, there was a gradual decrease in the
leaf maximum photochemical quantum efficiency (F,/F,)
and energy transformation potential (F,/F;) of PSII, as
depicted in Figs. 2 and 3. During the rice growth period, the
leaf F,/F,, exhibited an overall upward trend with increas-
ing [CO,] or nitrogen application rate. Compared to CGN1
treatment, CGN2, CIN2 and C2N2 showed significant
increases of 7.01-11.10%; and CGN3, CIN3 and C2N3
showed significant increases of 8.38-12.15% (P <0.05),
respectively. Notably, the increase in F,/F,, in rice leaves
induced by e[CO,] was contingent upon specific nitrogen
fertilizer levels at certain growth stages. For example, under
C2, the leaf F /F, of N3 reached its highest value, and the
leaf F,/F, of N2, rather than N3, reached its maximum
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Fig. 1 Impact of varying CO,
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Fig. 2 Impact of varying CO, concentrations and nitrogen fertil- letters in columns reveal significant differences among nitrogen fer-
izer levels on the PSII maximum photochemical quantum efficiency tilizer treatments at the same CO, concentration and among nitrogen
(F,/F,,) of leaves in key growth stages of rice: (a) tillering, (b) jointing, fertilizer treatments at different CO, concentrations (P < 0.05); values

(¢) booting, (d) heading, (e) flowering, (f) filling, (g) milky ripening, following + are the standard errors (n=4) of the replicates
(h) waxy ripening, and (i) maturity. The same lowercase and uppercase
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Fig. 3 Impact of varying CO, concentrations and nitrogen fertilizer
levels on the PSII energy transformation potential (F,/F,) of leaves
in key growth stages of rice: (a) tillering, (b) jointing, (¢) booting,
(d) heading, (e) flowering, (f) filling, (g) milky ripening, (h) waxy
ripening, and (i) maturity. The same lowercase and uppercase letters

under the CG and C1 conditions during the booting, milky
ripening, and maturity stages. The PSII energy transforma-
tion potential (F,/F,) of the rice leaves exhibited a similar
trend. The F,/F, reached its peak during the tillering and
jointing stages, and under C2 conditions, there was a sig-
nificant increase in the F,/F  of N2 and N3 by 6.79% and
7.73%, respectively, in the tillering stage (P <0.05), with
additional increases of 8.54% and 9.80%, respectively, in
the jointing stage. In general, the effects of nitrogen fertil-
izer on F,/F, and F,/F of rice leaves were more significant
than those of e[CO,].

3.4 GrainYield and Composition

The grain yield of the rice plants exhibited an upward trend
with increasing nitrogen fertilizer levels under fixed [CO,]

L (D)

Treatments

in columns indicate significant differences among nitrogen fertilizer
treatments at the same CO, concentration and among nitrogen fertil-
izer treatments at different CO, concentrations (P <0.05); values fol-
lowing + are the standard errors (n=4) of the replicates

conditions, and this trend became more pronounced as the
[CO,] increased (Fig. 4). In the CG treatment, each yield
component increased significantly with increasing nitro-
gen application, but the SST, SN, and KPS were greater at
the N2 level than at the N3 level. The yield components
exhibited a significant growth pattern with the application
of nitrogen fertilizer under both C1 and C2, and the increase
was most pronounced under C2. Notably, the interaction
between e[CO,] and nitrogen fertilizer had a significantly
greater impact on rice ears (including SN and KPS) than on
grains (including SST and TGW). Compared to CGNI1, all
other treatments exhibited an increase in grain yield. How-
ever, C2N1 had the lowest growth rate (0.94%), but this
was not statistically significant. On the other hand, C2N3
demonstrated a substantial increase of 14.45%. Similarly,
e[CO,] increased the AGB of rice plants by 9.25-23.61%
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Fig. 4 Impact of varying CO, concentrations and nitrogen fertilizer
levels on the rice seed setting rate (a), 1000-grain weight (b), spike
number (c), kernels per spike (d), grain yield (e), and aboveground
biomass (f). The same lowercase and uppercase letters in a column

at the different nitrogen levels. Compared to those in CG,
the increases in N2 and N1 were the greatest, reaching
15.95% and 23.61%, respectively, under the conditions of
Cl and C2. Generally, the presence of elevated levels of
CO, enhanced the rice grain yield, and this trend was fur-
ther promoted by nitrogen fertilizer application, with C2N3
exhibiting the highest efficacy.

4 Discussion

An increase in the atmospheric CO, concentration signifi-
cantly enhanced the chlorophyll content of the rice leaves,
especially during the early growth period. Numerous stud-
ies have indicated that e[CO,] leads to a reduction in the
photorespiration rate of C; plants, an increase in the car-
boxylation rate of rubisco, and a subsequent increase in the
net photosynthesis of leaves (Chen et al. 2022; Sage and
Kubien 2007). After the rice booting stage, due to nutrient
absorption by the panicle and inadequate nutrient supply,
there is a shift in plant physiological metabolism, leading
to pronounced leaf senescence and a reduced chlorophyll
content (Shi et al. 2022; Wang et al. 2015b). Consequently,
the impact of e[CO,] on photosynthesis was significantly
attenuated during the middle and late stages of rice growth,
and the current focus should be on implementing rational
fertilization practices to increase the nutrient supply level
of plants and optimize the nutrients required for photosyn-
thesis (Makino 2021; Yin et al. 2023). Notably, the impact
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reveal significant differences among nitrogen fertilizer treatments at
the same CO, concentration and among nitrogen fertilizer treatments
at different CO, concentrations (P < 0.05); values following +are the
standard errors (n=4) of the replicates

of nitrogen fertilizer on the SPAD value of leaves was sig-
nificantly greater than that of e[CO,] throughout the entire
rice growth period. This can be attributed primarily to the
fact that nitrogen is a constituent of chlorophyll, which itself
is a nitrogenous compound. The essence of photosynthesis
lies in converting light energy into chemical energy, with
CO, serving as one of the raw materials, and a deficiency in
nitrogen consequently weakens the overall photosynthetic
process (Lin et al. 2013; Makino 2021; Skinner 2013).
Lenka et al. (2019) used 15 N-labeled nitrogen fertilizer
and reported that, under ¢[CO,], soybean nitrogen fixation
significantly increased, requiring the application of more
nitrogen fertilizer; in addition, in wheat cultivation, e[CO,]
accelerated the uptake of nitrogen from the soil by crops,
resulting in the need for higher nitrogen fertilization rates
(Lenka et al. 2021). According to our observations under
e[CO,], additional nitrogen fertilizer may be necessary to
ensure leaf photosynthetic efficiency and promote growth.
While increased CO, availability enhances the raw materials
for photosynthesis, once photosynthetic efficiency reaches
saturation and nitrogen becomes limited, plant respiration
can be impeded, consequently weakening the overall pho-
tosynthetic activity (Bhardwaj et al. 2020; Ye et al. 2022).
In general, simultaneous increases in the atmospheric CO,
concentration and nitrogen application rate had synergistic
effects on enhancing the chlorophyll content in rice.

The F /F,, value is utilized to indicate the maximum effi-
ciency of chlorophyll molecules in absorbing and utilizing
light energy under conditions of light saturation, and F,/F
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represents the magnitude of the chlorophyll fluorescence
signal and is frequently employed to characterize photosyn-
thetic efficiency and plant physiological status (Banks 2018;
Ogaya et al. 2011; Sharma et al. 2015). This study revealed
that the change trends of F /F,, and F /F were roughly the
same under each treatment. During photosynthesis, higher
values of F,/F and F /F signify the enhanced conversion of
light energy into chemical energy by chlorophyll molecules,
thereby indicating the improved utilization of photosynthet-
ically generated light energy by plants (Banks 2018; Sharma
etal. 2015). There is no doubt that both e[CO,] and nitrogen
fertilizer levels can improve the photosynthetic efficiency of
rice leaves, as these substances are essential substrates for
photosynthesis (Makino 2021; Yin et al. 2023). However,
the promotion effects of these two factors exhibited certain
differences similar to the changes in the SPAD values in
the leaves. In the rice booting-filling stage, the variation in
nitrogen fertilizer significantly influenced the F /F,,. Previ-
ous studies have indicated that nitrogen fertilizer applica-
tion plays a crucial role in enhancing tiller consolidation and
stem thickening during the panicle and grain development
stages of rice, which are essential for ensuring optimal rice
growth (Bhardwaj et al. 2020; Jin-wen et al. 2022). These
findings provide theoretical support for the promotion of
plant photosynthesis, which aligns with our own research.

With an increase in the atmospheric CO, concentration
and at medium- and high-nitrogen fertilizer levels, the pho-
tosynthetic efficiency of the rice leaves exhibited greater
enhancement than that at low nitrogen levels. It can be
inferred that under appropriate nitrogen application condi-
tions, increasing the rate of nitrogen application positively
influences the promotion of photosynthetic efficiency under
high CO, concentrations. In other words, as the atmospheric
CO, concentration increases, the crop nitrogen demand also
increases. The nitrogen content in plant leaves is reduced by
an increase in the CO, concentration, while the application
of an appropriate amount of nitrogen fertilizer can increase
the leaf nitrogen content and facilitate photosynthesis (Tay-
laran et al. 2011). In fact, the regulation of nitrogen fertilizer
application under ¢[CO,] has been documented in related
reports. Xu et al. (2020) revealed that future increases in
CO, concentrations are projected to result in a substantial
decline in the availability of nitrogen, particularly ammo-
nium nitrogen, within rice ecosystems; Jin et al. (2017)
reported that as the concentration of CO, increases, the
aboveground nitrogen content of plants decreases, which
leads to an increased demand for photosynthetic nitrogen
requirements in leaves. In summary, we conclude that under
the general trend of e[CO,], to maintain the productivity of
photosynthetic systems in paddy fields, a large amount of
nitrogen may be needed.

CO, serves as a crucial substrate for determining plant
biomass and crop yield. In theory, e[CO,] will stimulate
plant biomass and yield, potentially inducing alterations in
various processes involved in dry matter production from
source to sink, as well as in plant equilibrium and direc-
tion (Dutta et al. 2022; Gong et al. 2021). The interac-
tion between e[CO,] and nitrogen fertilizer significantly
enhanced rice grain yield, with both factors exhibiting
mutual reinforcement. Notably, the increase in yield attrib-
uted to nitrogen fertilizer was more pronounced than that
attributed to e[CO,], particularly under high CO, concentra-
tions. However, the aforementioned factors may not exert a
significant impact on the accumulation of dry matter or the
yield of aboveground parts of maize and sorghum, nor may
their constituent elements (Andrews et al. 2018; Triggs et
al. 2004; Twine et al. 2013). Unlike C, crops, which can
utilize low concentrations of CO,, C; crops (including rice,
wheat and others) are particularly sensitive to e[CO,]. In
terms of the photosynthetic rate, the photosynthesis of C,
crops is enhanced under increasing atmospheric CO, con-
centrations, ultimately resulting in improved yield perfor-
mance (Lv et al. 2022). Additionally, nitrogen is the primary
nutrient among the three essential nutrients for crop yield
and various physiological activities. The manipulation or
alteration of e[CO,] carbon metabolism impacts crop nitro-
gen uptake and regulates the carbon-to-nitrogen ratio in
crops (Dong et al. 2022; Dutta et al. 2022; Skinner 2013).
We propose that there exists a threshold for CO, concentra-
tion and nitrogen fertilizer application that can optimize the
enhancement of photosynthetic efficiency and yield compo-
sition. Furthermore, additional research may be required to
determine whether increasing the nitrogen application rate
in response to future continuous increases in [CO,] would
be beneficial.

5 Conclusions

Arice field ecosystem was subjected to two years of continu-
ous observation utilizing a research platform that simulated
an increase in free atmospheric concentration. Elevated
CO, levels and increased nitrogen fertilizer application sig-
nificantly enhanced both the photosynthetic efficiency and
grain yield composition of rice, with notable interactions
between these two factors. Since nitrogen availability limits
leaf photosynthesis, the effects of nitrogen fertilizer on the
yield of light and the efficiency of rice are relatively more
significant. Notably, as the CO, concentration increases,
there may be a dilution in the aboveground nitrogen con-
tent of plants, leading to an increased demand for nitrogen
fertilizer by crops. Therefore, while an increase in the CO,
concentration can significantly enhance photosynthesis and
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crop yield, and this effect can be observed under conditions
of high nitrogen fertilizer application. The findings of this
study offer crucial theoretical support for the development
of rational nitrogen fertilization strategies for crops in light
of the projected increase in CO, concentration in the future.
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