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Abstract

Photosynthesis under fluctuating irradiance is understudied, especially its response to elevated CO, and temperature
in field environments. We measured photosynthesis after a single-step irradiance change and during a series of light-
flecks for rice (Oryza sativa L.) grown under combinations of two CO, levels (ambient and elevated by 200 pmol mol™)
and two temperature levels (ambient and increased by 2.0 °C) by temperature by free-air CO, enrichment systems in
2 years. The cumulative CO, fixation (CCF) during a single-step irradiance increase and during lightflecks was line-
arly correlated with final steady-state photosynthesis at the high irradiance (A, under elevated CO, and temperature
in both years. Across developmental stages, responses of CCF during a single-step irradiance increase and during
lightflecks to elevated growth CO,, to elevated growth temperature, to elevated measurement CO,, and to elevated
measurement temperature were all in the same magnitude as responses of A, to these variables. Lightfleck utilization
efficiency (LfUE), defined as the ratio of CCF to assimilation expected from equivalent steady-state irradiance levels,
showed a large variation among sequential lightflecks, and this was related to the variation of stomatal conductance
(g) among the sequential lightflecks. Thus, steady-state photosynthesis models may not result in critical errors in
predicting the effects of elevated CO, and temperature on dynamic photosynthesis provided that g in responses to
fluctuating irradiance can be quantified reliably.

Keywords: Climate change, dynamic photosynthesis, elevated temperature, fluctuating irradiance, Oryza sativa L., stomatal
conductance, T-FACE.
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Introduction

Atmospheric CO, concentration and global mean surface air
temperature are rising. It is likely that the CO, level will reach
500—-1000 umol mol™" and air temperature will rise by 1.0-3.7
°C by 2100 (Ciais et al., 2013). Much effort has been put into
quantifying and understanding the responses of leaf photosyn-
thesis in various crops to these climate change variables under
steady-state conditions (Pozo et al., 2005; Borjigidai et al.,
2006; Alonso et al., 2009; Adachi et al., 2014; Cai et al., 2018).
However, the field environment, in which crops grow, is almost
never at a steady state. Of environmental variables, the incident
irradiance (I,.) on leaves of field-grown crops often changes
rapidly as the sun, clouds, or leaves themselves move, causing
dynamic photosynthesis (Pearcy, 1990; Smith and Berry, 2013;
Kaiser ef al.,2017b; Faralli ef al., 2019).To predict C; crop per-
formance under future climate conditions, it is important to
understand how photosynthesis under fluctuating irradiance
responds to elevated CO, and temperature.

Photosynthesis in leaves responds to both sudden rises and
drops in irradiance, but these responses may not be symmetric
(Chazdon and Pearcy, 1986a; Kaiser ef al., 2017b;Yamori ef al.,
2020; Kang et al., 2021). It can take photosynthesis between
seconds and tens of minutes to reach a new steady state during
the transition from one irradiance to another, causing loss of
10-40% of diurnal photosynthesis (Taylor and Long, 2017;
Salter et al., 2019; Acevedo-Siaca et al., 2020; Long et al., 2022).
Both short- and long-term elevated CO, generally increase
dynamic photosynthesis rates in C; plants beyond their effects
on steady-state photosynthesis rates (Naumburg and Ellsworth,
2000; Leakey et al., 2002; Tomimatsu et al., 2014; Kaiser et al.,
2015, 2017b). The enhancement of dynamic photosynthesis
rates by short- and long-term elevated CO, for C; plants is
5-17% (Leakey et al., 2002; Kaiser et al., 2015, 2017b). Short-
term high-temperature inhibition of dynamic photosynthesis
is greater than that of steady-state photosynthesis (Leakey ef al.,
2003). Elevated CO, under future climate change is associated
with elevated temperature. However, dynamic photosynthesis
responses to combined elevated CO, and elevated temperature
have not yet been quantified.

Of the studies on dynamic photosynthesis in response to el-
evated CO, or elevated temperature, those using field-grown
plants in a FACE (free-air CO, enrichment) system to inves-
tigate dynamic photosynthesis responses are most relevant,
because these plants in high-CO, treatments are exposed to
natural diurnal and seasonal fluctuations in irradiance, tem-
perature, and other environmental factors (Naumburg and
Ellsworth, 2000; Leakey er al., 2002). Recently, the FACE
system was extended, by increasing temperature as well:
T-FACE (Ruiz-Vera et al., 2015; Cai et al., 2016; Usui et al.,
2016). Previous T-FACE studies showed that a prolonged in-
crease in CO, and temperature over the growing season caused
strong acclimation of steady-state leaf photosynthesis (Adachi
et al., 2014; Cai et al., 2018, 2020;Yuan et al., 2021). However,

dynamic photosynthesis in response to elevated CO, and ele-
vated temperature in T-FACE environments is still unknown.
Some studies found that dynamic photosynthesis was strongly
correlated with steady-state photosynthesis (Ohkubo ef al.,
2020; Taniyoshi et al., 2020), while other studies found no sig-
nificant correlations (Soleh et al., 2017; Acevedo-Siaca et al.,
2020, 2021). Whether and how acclimation to long-term ele-
vated CO, and temperature affect photosynthesis responses to
fluctuating irradiance remain to be tested.

Response of dynamic photosynthesis has often been inves-
tigated by means of introducing a sudden increase or inter-
mittent changes in incident irradiance. The response to a
single sudden increase in incident irradiance is termed pho-
tosynthetic induction, while intermittent changes in incident
irradiance are termed lightflecks. Reported mechanisms for
the effects of elevated CO, or elevated temperature on dy-
namic photosynthetic induction are inconsistent (Leakey et al.,
2002, 2003; Tomimatsu and Tang, 2012; Kaiser et al., 2017b).
For example, Kaiser et al. (2017b) found that elevated CO,
enhanced the response rate of photosynthesis during induction
due to an increase in activation of Rubisco, while Tomimatsu
and Tang (2012) suggested that the response rate of photo-
synthesis to elevated CO, during induction depended on
the balance between a ‘decrease’ in maximum stomatal con-
ductance and a ‘decrease’ in stomatal opening rate. Overall,
according to Pearcy (1990) and Yamori (2016), physiological
factors controlling photosynthetic induction and the responses
to lightflecks can be mainly categorized into three processes:
(1) induction of photosynthetic electron transport rates in the
thylakoid membrane; (if) Calvin cycle enzyme activities; and
(iii) stomatal opening. In addition, induction kinetics of meso-
phyll conductance may also play a role (Liu et al., 2022; Zeng
et al.,2024).

The objectives of this study were (i) to quantify responses
of dynamic photosynthesis to long-term elevated CO, and
temperature under field conditions, and (i) to investigate
which physiological process determines dynamic photosyn-
thesis responses to elevated CO, and temperature. Previously,
we found that elevated CO, and temperature strongly af-
fected steady-state photosynthetic biochemistry and stomatal
conductance for rice under T-FACE (Cai et al., 2018, 2020).
We hypothesized that (i) dynamic photosynthetic parameters
would show strong acclimation to elevated growth CO, and
growth temperature; (i) the responses of integrated photosyn-
thesis during fluctuating irradiance to elevated measurement
CO,, elevated growth CO,, elevated measurement tempera-
ture,and elevated growth temperature were not correlated with
those of steady-state photosynthesis; and (iii) both biochem-
ical parameters and stomatal conductance controlled dynamic
photosynthesis during photosynthetic induction and during
lightflecks in response to elevated measurement CO,, elevated
growth CO,, elevated measurement temperature, and elevated
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Table 1. Summary of the environmental conditions in T-FACE experiments of 2021 and 2023

2021 experiment 2023 experiment
CO, concentration increment relative to CT (umol mol™)
C'T 190 (38) 203 (20)
c'T 183 (28) 203 (20)
Temperature increment relative to CT (°C)
CT* Canopy temperature 2.2 (1.0) 1.8 (0.1)
Water temperature - 2.2 (0.3
C*T* Canopy temperature 1.8(0.5) 1.8(0.2)
Water temperature - 2.1(0.2)
Mean daily air temperature for CT (°C) 26.6 (2.7) 25.6 (4.8)
Mean daily global radiation (MJ m= d™) 13.8 (6.4) 13.2 (6.0)
N application
Time of N application (day)? 0; 33; 53 1;18; 56
Amount of N application (g m?)° 6.9;6.0;5.2 9.6;7.2,7.2

CT, C*T, CT*, and C*T* stand for ambient conditions, elevated CO,, elevated temperature, and the combination of elevated CO, and elevated

temperature, respectively.

‘~" Water temperature was not elevated in the 2021 experiment (see the text).
Weather data in the table represent seasonal average values (SD between the daily values in parentheses).

@ The time of N application is expressed in days after transplanting.

5N was all applied before the stem elongation stage and split into three applications (the first was the basal, followed by two top-dressing applications).

growth temperature. Photosynthesis during fluctuating irra-
diance was therefore measured on rice leaves under T-FACE.
Addressing these questions will help to provide insights into,
and have strong implications for modelling of, rice photosyn-
thesis in future climatic environment in response to fluctuating
irradiance.

Materials and methods

Experiment site, T-FACE set-up, and experimental treatments

We conducted field experiments in T-FACE for 2 years, 2021 and 2023.
For both years, we sprayed pure CO, during the daytime and increased
temperature during both the daytime and night-time. The set-up of
T-FACE, however, diftered somewhat between the years.

The T-FACE system used in the 2021 experiment is as described
by Cai ef al. (2016, 2018). Briefly, the T-FACE system was established
at Kangbo village (31° 0" N, 120°33” E), Guli Township, Changshu
Municipality, Jiangsu, China, in 2010. This experimental site represents
a typical rice—wheat rotation system within a subtropical monsoon cli-
matic zone. The target atmospheric CO, concentration under elevated
CO, has been changed from 500 wmol mol™ in the set-up described
by Cai et al. (2016, 2018) to 590 wmol mol™ in the present study. There
were four CO, and temperature treatments in the T-FACE in 2021: (i)
CT, where ambient conditions were maintained (control); (if) C*T, where
the target atmospheric CO, was up to 590 wmol mol™; (iii) CT",
where the canopy temperature was warmed by 2.0 °C; and (iv) C'T7,
where CO, enrichment was combined with warming. Each treatment
had three replicated plots.

The T-FACE system used in the 2023 experiment was newly estab-
lished at Zhouzi village (31°53” N, 119°4” E), Jiangning District, Nanjing
Municipality, Jiangsu, China, in 2023. This experimental site also repre-
sents a typical rice—=wheat rotation system within a subtropical monsoon
climatic zone. There were also four CO, and temperature treatments in
2023 but the set-up differed slightly from that of 2021: (i) CT, where
ambient conditions were maintained (control); (ii) C*T, where the target
atmospheric CO, was 200 umol mol™ above the ambient conditions; (iii)

CT", where both paddy water and canopy temperatures were warmed
by 2.0 °C;and (iv) C*T", where CO, enrichment was combined with
warming. Water depth averaged 6 cm in the paddy field. Each treatment
also had three replicated plots, and further information about the 2023
T-FACE set-up is shown in Supplementary Fig. S1.

Rice (japonica subspecies) cv. Wuyugeng 23 was chosen to grow in the
2 years. In the experiments in both years, seeds were sown at ambient air
in late May, and three-leaf-stage seedlings were manually transplanted at
a density of 24 hills m™ (16.7 cmx25.0 cm in 2021, and 14.5 cmx28.9
cm in 2023), with two seedlings per hill, in all plots. The transplanting
date was 25 June in 2021 and 30 June in 2023. Treatments with CO, en-
richment started on 5 July and lasted until harvest in both years. Warming
treatments also started on 5 July till harvest in 2021. However, in 2023, to
avoid any effect of transplanting shock, warming treatments were started
on July 25 and lasted essentially until harvest. To follow the local agro-
nomic practice of ‘paddy soil drying’ that is believed to remove non-
productive tillers, water warming was no longer relevant, and thus was
stopped for 10 d prior to the harvest (1424 October), while the elevated
canopy-warming treatment was still maintained. Daily weather data for
maximal and minimal air temperatures, global radiation, relative humidity,
wind speed, and precipitation during the growing season for both experi-
ments under ambient conditions were recorded by local weather stations,
and are shown in Supplementary Fig. S2. Average global radiation and
realized average increases in CO, concentration and in temperature in
both years are summarized in Table 1.

Gas exchange measurements

Leaf-level gas exchange measurements were conducted using the Li-Cor
6400XT portable photosynthesis system (Li-Cor Bioscience, Lincoln,
NE, USA) equipped with an LED head (2x3 LED, LI-6400-02B), at the
stem elongation stage, the flowering stage, and the grain-filling stage (22
d after flowering) in the 2021 experiment. In the 2023 experiment, gas
exchange measurements were conducted at the flowering stage and the
grain-filling stage (18 d after flowering). Detailed information about leaf
temperatures (Ti.,0) and CO, levels (C,) in the leaf chamber used for mea-
surements is shown in Table 2. In both experiments, measurements were
replicated using the three youngest fully expanded leaves at each stage
and in each treatment, one from each of the three replicated plots. During
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Table 2. Leaf temperatures (T,.o) and CO; levels (C,) used for measuring induction curves and lightflecks during various developmental
stages under ambient conditions (CT), elevated CO, (C*T), elevated temperature (CT"), and the combination of elevated CO, and
elevated temperature (C*T*) in the 2021 and 2023 experiments for rice

2021 2023
Tieat (°C)  C, (pmol mol™) Tieat (°C)  C, (umol mol™)
Induction curve A single-step irradiance 33 100, 200, 300, 390, 590, and 800 33 400 and 600
increase 31 100, 200, 300, 400, 600, 800, 1000, 1200,
and 1500
A single-step irradiance 33 390 (CT and CT*) and 590 (C*T and C*T*) 33 400 and 600
decrease 31 400 and 600
Lightflecks 1 min-HL-lightflecks 33 390 (CT and CT*) and 590 (C*T and C*T*) 33 400 and 600
31 400 and 600
3 min-HL-lightflecks 33 390 (CT and CT*) and 590 (C*T and C*T")
1 min-LH-lightfkecks 33 400 and 600
31 400 and 600

A single-step irradiance increase is a one-step irradiance increase from 50 pmol m™ s™' to 1500 pumol m™ s™'; a single-step irradiance decrease is a
one-step irradiance decrease from 1500 pmol m= s7" to 50 umol m™ s7'; 1 min-HL-lightflecks are nine repeated cycles of 1 min of /,,, (incident irradiance)

of 1500 pmol m™ s™'(high irradiance) followed by 1 min of /., of 50 umol m= s

! (low irradiance); 3 min-HL-lightflecks are three repeated cycles of 3 min

of I, of 1500 umol m=2 s~ followed by 3 min of /,,; of 50 pmol m= s7"; 1 min-LH-lighflecks are nine repeated cycles of 1 min of /,,, of 50 pmol m= s

followed by 1 min of /,; of 1500 umol m= s™' (see the text).

the measurements, leaf~to-air vapour pressure difference was maintained
between 0.5 kPa and 2.0 kPa, and the flow rate was 500 pmol s1All the
measurements were logged every 5 s.

In the 2021 experiment, for measuring the induction curves, leaves
were adapted to incident irradiance () of 50 umol m™s™' for 30 min
prior to starting gas exchange measurements. Then I, was switched to
1500 pmol m™ s™' and stayed at this light level for 15 min for photosyn-
thesis and stomatal conductance to reach steady-state values. Finally, I, .
was switched back to 50 wmol m™? s for 20 min. To further investigate
the dynamic behaviour of photosynthesis and stomatal conductance but
in response to intermittent changes in irradiance, leaves were also adapted
to I, of 50 pmol m ™ 5™ for 30 min and then subjected to two sets of
lightflecks. The first set consisted of nine repeated cycles of 1 min of high
I, of 1500 umol m™s™" followed by 1 min of low . of 50 pumol m™2 s~
(1 min-HL-lightflecks). The second set consisted of three repeated cycles
of 3 min of 1500 pmol m™ s~ followed by 3 min of 50 pmol m™s™' (3
min-HL-lightflecks). The total measurement time lasted for 18 min (1080
s) for each set of lightflecks. For induction curves in response to a single-
step I, increase, the C, levels were kept at both 390 pmol mol™ and 590
pmol mol™ for all treatments. However, for measuring the responses to
a single-step I, decrease and to lightflecks, the C, level was kept at the
respective growth [CO,] level, namely 390 pmol mol™ for CT and CT*
treatments, and 590 pmol mol™ for C*T and C*T™ treatments. All these
curves were measured at a Tj.,¢ of 33 °C.

In the 2023 experiment, the measurement protocol differed somewhat
from the 2021 experiment (Table 2). For all treatments, the induction
curves by one-step irradiance change (including an increase and decrease)
were measured at four combinations of two C, levels (400 pmol mol™
and 600 pmol mol™) and two T levels (31 °C and 33 °C). Responses
to intermittent changes in irradiance were measured with two sets of
lightflecks. The first set was 1 min-HL-lightflecks, the same as in the 2021
experiment, with leaves initially adapted at 50 wmol m™ 5™ for 30 min
prior to measurements. As leaves of field-grown crops are also exposed
to high irradiance and suddenly experience rapid changes between low
and high irradiance (Yamori et al., 2020), for the second set, we reversed
the order of the lightflecks (i.e. nine repeated cycles of 1 min of I, of
50 umol m™ s followed by 1 min of L. of 1500 umol m™ s7"), with
leaves initially adapted at 1500 pmol m™s™" for 30 min prior to measure-
ments. To distinguish it from the first 1 min-HL-lightflecks set, we named

the second set 1 min-LH-lightflecks. Both sets for each treatment were
measured at four combinations of two C, levels (400 pmol mol™" and 600
pmol mol™) and two Tj.,¢levels (31 °C and 33 °C).

To calculate biochemical parameters J (the rate of linear electron trans-
port, umol m2="") and V.. (the maximum rate of carboxylation by
Rubisco, pmol m™ s7') during induction, additional induction curves in
response to a single-step irradiance increase were measured for all treat-
ments according to Soleh et al. (2016). In the 2021 experiment, these
induction curves were made with six C, levels (100, 200, 300, 390, 590,
and 800 pmol mol™) at a Tj.,c of 33 °C so that photosynthetic CO, re-
sponse curves could be constructed. These constructed curves were used
to fit a biochemical model to estimate J and V. for various time points
of induction (see later). Following the 2021 experiment, the 2023 meas-
urement protocol was adjusted somewhat (Table 2). First, to improve
estimations of J and V., photosynthetic CO, response curves were
constructed with nine C, levels (100, 200, 300, 400, 600, 800, 1000, 1200,
and 1500 pmol mol™). Second, steady-state light response curves at the
strictly limiting level (I, <200 wmol m™ s™') were measured at a T
of 31 °C for all treatments to provide data for better estimating Ry (day
respiration) (Yin and Amthor, 2024). For measuring steady-state light re-
sponse curve, leaves were first adapted to an I,. of 200 umol m™ s~ for at
least 10 min prior to starting gas exchange measurements. Then [, was
decreased in the order of 200, 150, 100, 50, and 20 wmol m™s™" (5 min
per L. step), while keemnbdsq ping C, at 400 pmol mol s

Estimation of photosynthetic parameters during a single-step
change in irradiance

The photosynthetic induction state was calculated as transient A, (net
photosynthesis rate) as a percentage of the final steady-state A, (A, cor-
rected for the initial value (A,):

An_Ani
= — x 100

Photosynthetic induction (%) i i
nf = 4Ini (1)

e of 50 pmol m™ 57!, and

A, is the steady-state A, at a final I,. of 1500 umol m™ s™'. For the in-
duction curves, the times required to reach 50% (IT5 ) and 90% (ITy »)

where A, is the steady-state A4, at an initial [,
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of full photosynthetic induction were calculated. We checked whether
the values of ITy, 4 (s) and ITy, 4 (s) correlated with initial steady-state
stomatal conductance (g), given the previous reports on their correla-
tions (Allen and Pearcy, 2000a, b; Naumburg and Ellsworth, 2000; Kaiser
et al.,2016). The value of g; was taken as stomatal conductance at an I,
of 50 pmol m™ s™" at initiating induction. In addition, we also checked if
they were related to the final steady-state stomatal conductance at an I
of 1500 m2 57" (gy).

From induction curves, we calculated: (i) CCFy g, [in mmol m™ (600
s)'], the cumulative CO, fixation (CCF) in the first 600 s after the in-
crease in irradiance; and (ii) CCFyy g, [in mmol m™ (60 s)'], the cumu-
lative CO,, fixation in the first 60 s after the decrease in irradiance. The
values of 600 s and 60 s were chosen because A, hardly changed beyond
these time points (see the Results).

The measurement of the induction response at different CO, concen-
trations generated the responses of A, to C; (intercellular CO, concen-
tration) at different time points during induction. This allowed estimation
of the biochemical parameters J and 1, for different times during in-
duction (Soleh et al., 2016). 1V, and J were calculated based on the
C; photosynthesis model of Farquhar et al. (1980; the FvCB model; see
Supplementary Protocol S1 for the model equations). With the estimated
Jand V. during induction, the time for 50% and 90% induction of
I/cnmx (I’TSO,chaxs ITQ(!,chax) and Of.] (I’TSl)Jv IT()(),_]) were calculated.

Our data of the induction responses allowed us to separate the effect
of growth versus measurement conditions on parameter values. For the
2021 experiment, we were able to separate the eftect of growth versus
measurement CO, on many parameters. Values of A, A, IT504, IToo A,
Zi» & and CCFp_gy, were estimated at measurement CO, levels of both
390 pmol mol™ and 590 pmol mol™ for all treatments, allowing investi-
gation of whether these photosynthetic parameters acclimated to elevated
growth CO, and growth temperature (see the Results). However, we
were not able to do this for CCFy, g, because we did not measure curves
after a single-step irradiance decrease at 590 pmol mol™ for CT and CT*
treatments and at 390 wmol mol™! for C*T and C*T" treatments. For the
2023 experiment, the data of the induction response at four measurement
combinations of two C, levels (400 umol mol™ and 600 umol mol™) and
two T levels (31 °C and 33 °C) for each treatment allowed us to (i)
separate the effects of growth CO,, measurement CO,, growth temper-
ature, and measurement temperature on photosynthetic parameters; and
(i1) investigate whether photosynthetic parameters acclimated to elevated
growth CO, and growth temperature (see the Results).

Estimation of photosynthetic parameters during lightflecks

For lightflecks, the photosynthetic induction state was also calculated
using Equation 1, according to Leakey et al. (2003), where A, and A
were steady-state A, at an I, of 1500 pmol m™ 5" and 50 pumol m™
™!, respectively, taken from the aforementioned photosynthetic induction
curves measured on the same leaves in the same treatment and devel-
opmental stage. Values of ITs, s and ITy, 4 after exposure to high irra-
diance in each single 1 min-HL-lightfleck, 3 min-HL-lightfleck, or 1
min-LH-lightfleck were then estimated. We also checked whether the
photosynthetic induction rate correlated with stomatal conductance in
each lightfleck. However, as stomatal conductance in each lightfleck did
not reach a steady-state value, we defined g; and gy as stomatal conduct-
ance at the onset and at the end, respectively, of high irradiance in each
lightfleck, on the basis that there was no significant difference in photo-
synthetic induction rate in relation to g; between a single-step irradiance
increase and each lightfleck (see Results).

The cumulative CO, fixation during the 1080 s of 1 min-HL-
lightflecks (CCFy_jpinpi1), of 3 min-HL-lightflecks (CCFy 3,5, 111), and of
1 min-LH-lighflecks (CCF;_,n119), all in mmol m™ (1080 s)™', were cal-
culated by summing up the recorded instantaneous A, during the peri-
ods. To analyse the effects of lightflecks on the photosynthetic carbon
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gain, the lightfleck utilization efficiency (LfUE, %) for single lightflecks
was calculated as the ratio of CCF to assimilation expected from equiva-
lent steady-state irradiance levels, following Chazdon and Pearcy (1986b;
see also Supplementary Fig. S3). LfUE values were estimated for each
lightfleck in the series as well as for the overall value of all lightflecks.

Statistical analyses

Constructed CO, response curves were analysed to estimate 17, and
J with the GAUSS method in PROC NLIN of SAS (SAS Institute Inc,
Cary, NC, USA). Prior to conducting statistical tests, normality and ho-
mogeneity of variances were tested using Shapiro—Wilk and Levene’ test,
respectively. If data were not normally distributed or not homogeneous,
log transformation was performed. ANOVA was used to determine dif-
ferences between treatments for all parameters described above. Linear
regression was performed using Microsoft Excel. All results reported as
significant had a P-value <0.05.

Results

Photosynthesis after a single-step change in irradiance

After a single-step irradiance increase from 50 pmol m™s™' to

1500 pmol m™ s-', photosynthesis and g, for the four CO, and
temperature treatments gradually increased in the experiments
in both years (Supplementary Figs S4-S6). Photosynthesis
and g, reached steady-state after 600 s (10 min) of induc-
tion in all treatments at all growth stages in both experiments
(Supplementary Figs S4-S6). With the subsequent single-step
irradiance decrease from 1500 pmol m s to 50 pmol m 25",
photosynthesis dropped below A,; within 30 s, but g, dropped
more slowly in all cases (Supplementary Figs S4-S6).
Dynamic photosynthetic parameters in both experiments
were estimated using data of these induction curves and are
shown in Supplementary Tables S1-S4. Data in Supplementary
Tables S1-S4 allow us to correlate these parameters (CCE
IT5 A, and 1Ty, 5) with those typical for steady-state photo-
synthesis (A, and A). In the 2023 experiment, CCF_4y, and
CCFp_¢ were more significantly correlated with A, ¢ than with
A, in all treatments (Fig. 1). The linear relationships between
CCFpgqo (or CCFp_g,) and A,; was significantly altered by el-
evated CO, treatments (C'T and/or C'T") (Fig. 1A, C). The
photosynthetic induction parameter 1Ty, , was weakly (but
significantly) correlated with A, under CT and CT", and this
relationship significantly differed between the two treatments
(Supplementary Fig. S7D).The relationship between CCFy_g,
or CCFp_g, and A, in the 2021 experiment (Supplementary
Fig. S8) was almost the same as that in the 2023 experiment.
However, IT5, 5 and 1Ty 4 in 2021 had no significant relation-
ship with A, or with A, (Supplementary Fig. SSE-H).
Quantitative analysis using data from Supplementary Tables
S1-S4 showed that in the 2023 experiment, elevated measure-
ment CO, increased CCFp,y_¢,, CCF| 4005, and A, by 33-37%
and A,; by 28%, but decreased g, g, and 1Ty, 5 by 17-35%
and IT5, 4 by 7% (Fig. 2; Supplementary Fig. S9). Elevated
growth CO, decreased CCFp_4y, by 1%, CCF40, Ay, and
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Fig. 1. Relationships between CCF and A, or A, during a single-step change in irradiance in the 2023 experiment. Relationships between CCF and

A, or A during a single-step change in irradiance under ambient conditions (circles, CT), elevated CO, (squares, C*T), elevated temperature (triangles,
CT"), and the combination of elevated CO, and elevated temperature (diamonds, C*T*) in the 2023 experiment. CCF, 4005 is the cumulative CO, fixation
(CCF) in the first 600 s after the increase in irradiance; CCFp .4 is the CCF in the first 60 s after the decrease in irradiance; A, is the initial steady-state net

-2 1.

photosynthetic rate (A,) at /., (incident irradiance) of 50 umol m™2 s™'; and A, is the final steady-state A, at /,,, of 1500 umol m™ s™'. Statistical parameters
given in the panels are in bold if the relationship was shared for the four treatments. The lines represent significant linear regressions (P<0.05).

A, by 6-9%, and g; and gr by 18-27%, but increased IT5 5
and ITy, 5 by 5-13% (Fig. 2; Supplementary Fig. S9). Overall,
the effects of elevated measurement temperature and growth
temperature were marginal (Fig. 2; Supplementary Fig. S9).
Elevated measurement temperature decreased CCFp_g, Apis
96 % IT50 4, and Iy o by 1-6%, but increased CCFy_gq, by 1%
and did not affect A, (Fig. 2; Supplementary Fig. S9). Elevated
growth temperature decreased A,; and A, by 1-4% and g,
IT5 A, and ITg, 4 by 9—15%, but increased CCFpy_¢g,, CCF_g004
and g by 1-2% (Fig. 2; Supplementary Fig. S9). In the 2021
experiment, the effects of elevated measurement CO,, elevated
growth CO,, and elevated growth temperature on these pho-
tosynthetic parameters were generally similar to those from

the 2023 experiment (Fig. 2; Supplementary Figs S9, S10). All
these results in both experiments indicated that the effects of
measurement CO,, growth CO,, measurement temperature,
and growth temperature on CCF during a single-step change
in irradiance were of almost the same extent as their effects on
A, (Fig. 2; Supplementary Figs S9, S10).

Biochemical parameters and their relationships with
photosynthesis during induction

In the 2023 experiment, there were no significant effects
of elevated growth CO,, elevated growth temperature, and
their interaction on IT5)vemuo To0vemaxs 1150y and 1Ty  at

GZ0z 1snbny Gz uo Jasn Aleiqi] - yoleasay pue Alsianiun uabuluabepn Aq £981Z18/6/ L1e19/axl/€601L 0L /10p/alo1le-aoueApe/gxl/wod-dno-olwapede)/:sdiy woly papeojumoq


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraf179#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraf179#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraf179#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraf179#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraf179#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraf179#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraf179#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraf179#supplementary-data

Dynamic photosynthesis under T-FACE | Page 7 of 19

Measurement CO; effect Growth CO- effect Measurement temperature effect Growth temperature effect
~ 08 f = c C eCT mC+T D CT*vsCT
A @CT EC+T o B CTvsCT 8 =07
. 0.7 cT+ &+ |O— ¢ C'T'wsCT" oD CT+ & C+T+ |2 o5 ® C'T'vsC'T
85 8306 206 | 358 4¢w§a
S%0s |1.36 58 0.99 33 0.98 35805 | 102 PR,
’ ’ g | Ty 59 —
§§ o %%04 /xy_1gx 01| g€ §§-§ A5 ¥ y=0.9x+ 0.1
SEos | i S50 | AZ 93 (C*T*vs CT*) fg°4' y=098x [SEEO03 | r/=.80(CT"vsCT)
4§ * gE™ y=08x+007 [SE r=.84 g &
6 Eoa . . . % =00 r?=.79 (C*T vs CT) VO 5 (CT, C*T, CT* and C*T*) 0.1 L \ R
SEo. . .
02 03 04 05 ° 0.2 04 06 03 04 05 06 07 03 04 05 06 07
CCFp.g06 at 400 ppm CCFp.g05 in ambient CO, CCFp.05 at 31 °C t CCtFD.soS in almbggnéo )
(mmol m2 (60s)") (mmol m-2 (60s) ") (mmol m=2 (60s) ") emperature (mmol m=2 (60s)")
= | F 21 F G T o~ H Ve
E—0 | © o oi'ﬁl SIN £ 527 na
S5 38 S @ Sol ',,?V -

[72) = p
s3 1.37 614 091 o 8316 | 1.01 928, | 102 /

S . O ® = ’ [ > y=1.08x
§<}.15 | — 137 c € s y = 0.96x §NE _ '53355 y; y r=.92
2E y=1.37x 85 g | ~Zaac T vsCcTy| 2541 | y =1.01x 8E 5 C*T* vs C*
25 r=.77 S E uw o - k) 10 C*T*vs C'T)
35 el o | L E y = 0.86x R r=.94 Lo E
S E (CT,C'T, CT*and C*T") | § = P=91(CTvsCT) |OE |[(CT,C'T,CT*and C'TY)| 5 E
o £10 ————1C IR . . 6 . . . 5 . .

8 10 12 14 16 © 38 13 18 23 8 13 18 23 8 13 18 23
CCF 4005 at 400 ppm CCF, 4005 iIn ambient CO, CCF,g005 at 31 °C CCF g0 In ambient
(mmol m2 (600s)) (mmol m=2 (600s)") (mmol m2 (600s) ) temperature (mmol m-2 (600s) )
4 « 4t J 4 F K ° 3 L & ' "
E= Q_ 7 = [
g o%3 [0.94 e © w3 }o.94 Bed 0.96%%'
o Qo . %Y i< 2 F
SE Lo 2o -
53 | SEy t v=1ix-03 | SE2 L y=o004x| 2T E 7'y=096x+0.13
S E 32 = .78(CT*vs CT)| =E r=.72 S27T 1 =84 (CTrvs C)
<3 €31 [ y=049x+122 21 I (cr, e cTrand o[ £ 8 E
, LCT.CT.cTrand c'T) <, r*’= .66 (C*T vs CT) 0 . . . 0 \ : \
1 2 3 4 5 1 2 3 4 1 2 3 4 5
/:\ t4002 3 o j« A in ambient CO, A, at 31 °C (umol m2 ) A, in ambient temperature
i at 400 ppm (umol m2 s7) (umol m2 s-1) ni 4 (mol m2 s)
N P A
40 N %’*@ - o,

—~ O 30 o< L
£% S 7 g50 %0 109 y—104x
S B 0-92{ 8TE rQr r=.88
35 g E20 L y = 0.96x q:) 20 20 (C*T*vs C*T)
=24 83 2= 97 (C*T* vs CT*) SEE
<2 - £= e €T, c*T,cTrand T | 7 =

,s LCT.CT,CT and C'TY)| =7 = 6(CTysCT) 10 X . 10 : :

20 25 30 15

A n bi 3500
A, at 400 ppm (umol m=2 s) A in ambient CO,

(wmol m2 s)
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and growth temperature on CCFp g0, CCF 005, Aniy @and A, in the

2023 experiment. Effects of measurement CO, (the first column), growth CO, (the second column), measurement temperature (the third column), and
growth temperature (the fourth column) on CCFp_gqs (A-D), CCF 5005 (E-H), Ay (I-L), and A, (M—-P) during a single-step change in irradiance in the 2023
experiment. CCFp_g0s is the cumulative CO, fixation (CCF) in the first 60 s after the decrease in irradiance; CCFl_gq is the CCF in the first 600 s after the

increase in irradiance; A, is the initial steady-state net photosynthetic rate (A,) at /. (incident irradiance) of 50 umol m

2 s7"; and A is the final steady-

state A, at /. of 1500 pmol m s™'. Each data point is the mean value +SE of three replications. Statistical parameters given in the panels are in bold if
the lines were fitted for all data. The lines represent significant linear regressions (P<0.05). The bold number in red in each panel is the average ratio of

y-axis to x-axis values.

all developmental stages (Supplementary Table S5). In the
2021 experiment, ITy) vy, Was only significantly decreased
by elevated growth temperature at the flowering stage
(Supplementary Table S6). Significant interaction between
growth CO, and growth temperature eftects on IT5); and
ITyy; was observed for the stem elongation stage in 2021

(Supplementary Table S6).

Regression analysis showed that photosynthetic induction
rates were weakly correlated with the induction rates of bio-
chemical parameters in both experiments (Supplementary Figs
S11, S12). In the 2023 experiment, the estimated 715, was
significantly correlated with I'T5;, and I'Ty, o was significantly
correlated with ITy) yemay for C'T at a measurement CO, level
of 400 umol mol™ (Supplementary Fig. S11B, C). In the 2021
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experiment, IT5, 4 was marginally correlated with IT5 v
under CT at two measurement CO, levels (390 umol mol™
and 590 pmol mol™") and under C*T and C*T" at a meas-
urement CO, level of 590 pumol mol™ (Supplementary Fig,
S12A). Furthermore, IT5,, was marginally correlated with
IT5,; under CT and CT" at a measurement CO, level of 590
umol mol™" (Supplementary Fig. S12B). ITy o was only signif-

icantly correlated with I'Ty, under C*T" at the two meas-

,Vemax

urement CO, levels (Supplementary Fig. S12C).

Photosynthesis during lightflecks

In the 2023 experiment, the responses of photosynthetic rate
and stomatal conductance to a series of 1 min-LH-lightflecks
were notably different from those to a series of 1 min-HL-
lightflecks (Supplementary Figs S13-S16). The Lf{UE of 1 min-
HL-lightflecks increased gradually depending on the number
within the lightfleck series (Fig. 3; Supplementary Fig. S17).
However, LIUE of 1 min-LH-lightflecks slightly decreased
depending on the number within the lightfleck series (Fig. 3;
Supplementary Fig. S17). The 1080 s overall LftUE of the 1
min-LH-lightflecks was higher than that of the 1 min-HL-
lightflecks in all treatments at all developmental stages (Fig.
3; Supplementary Fig. S17; Supplementary Table S7). In the
2021 experiment, the responses of photosynthetic rate and
stomatal conductance to a series of 1 min-HL-lightflecks were
generally similar to those to a series of 3 min-HL-lightflecks
(Supplementary Figs S18, S19). Furthermore, the change of
LtUE of 1 min-HL-lightflecks depending on the number
within the lightfleck series was similar to that in the 2023 ex-
periment (Fig. 3; Supplementary Figs S17, S20). The 1080 s
overall LIUE of the 1 min-HL-lightflecks was higher than that
of the 3 min-HL-lightflecks in all treatments at all develop-
mental stages (Supplementary Table S8).

In the 2023 experiment, CCFs for 1080 s of 1 min-LH-
lightflecks (CCFy_j1n) and 1 min-HL-lightflecks (CCF;_
Imin_tyr) Were more significantly correlated with A ¢ than with
Ay in all treatments (Fig. 4). LTUE, ., 1 or LIUE i,y In
each lightfleck was more significantly correlated with g; (Fig.
5A, C) than with g (Fig. 5B, D) in all treatments. LEtUE i, 11
and LfUE, ;.11 increased linearly with an increase in g; up
to g, being ~0.29 mol m™ s™" at 400 ppm and ~0.24 mol m™>
s' at 600 ppm, beyond which LfUE;,;, i and LfUE ;11
did not vary further with increasing g; (Fig. 5A, C). There also
appeared to be a threshold g for LTUE, i, 1 and LEUE ;1 i
in each lightfleck at 400 umol mol™ (~0.50 mol m™ s, Fig,
5B) and at 600 umol mol™ (~0.39 mol m s ™', Fig. 5D). In ad-
dition, we observed threshold g; for ITj, 4 at 400 pmol mol™
(~0.24 mol m 5", Fig. 6A) and at 600 pmol mol™" (~0.19 mol
m~ s, Fig. 6B) and for I Toy 4 at 400 pmol mol™" (~0.29 mol
m?2s, Fig. 6E) and at 600 umol mol™! (~0.22 mol m?Zs,
Fig. 6F). These relationships were not affected by elevated CO,
and temperature (Figs 4-6). In the 2021 experiment, the rela-
tionships between CCFy_ ., pqr and A or A and between

ni

IT5; o and g; were similar to those from the 2023 experiment
(Supplementary Figs S21, S22). The relationships between
CCF and Ay or A,;, and between LIUE and g; for 1 min-
HL-lightflecks were generally similar to those for 3 min-HL-
lightflecks in the 2021 experiment (Supplementary Figs S21,S23).

In the 2023 experiment, elevated measurement CO, sig-

ni»

nificantly increased CCFy_ i, r and CCFy_y i1y during a
series of lightflecks by 31-32%, but hardly affected LfUE, ;,_rr
and LfUE, ;. 1n (Fig. 7; Supplementary Tables S7, S9).
Elevated growth CO, significantly decreased CCF_j,,i_pr and
CCF, _ipmin-tg by 8=10%, but hardly affected LfUE,, ;, r and
LfUE, i1 (Fig. 7; Supplementary Tables S7,S9). The elevated
measurement temperature and growth temperature marginally
affected CCF; and LtUE during a series of lightflecks (Fig. 7).
In the 2021 experiment, the effects of elevated growth tem-
perature on CCF; and LfUE during a series of lightflecks were
also marginal and similar to those from the 2023 experiment
(Supplementary Fig. S24). Overall, these eftfects on CCF during
lightflecks were also similar in magnitude to the effect of meas-
urement CO,, of growth CO,, of measurement temperature,
and of growth temperature on steady-state photosynthesis A4,
in both experiments (Fig. 7; Supplementary Fig. S24).

Discussion

Current crop models integrated with steady-state photosyn-
thetic models have been widely used to quantitatively assess
the impacts of elevated CO, and temperature on crop growth
and yield in the field (Yin, 2013; Hasegawa ef al., 2017; Wang
et al., 2021). However, incoming irradiance fluctuates continu-
ously under field conditions, causing dynamic photosynthesis.
Therefore, it is particularly important to investigate whether
the effects of elevated CO, and temperature on dynamic pho-
tosynthesis can be accurately predicted by steady-state models.
To address this issue, we investigated dynamic photosynthesis
during a single-step change in irradiance and a series of light-
flecks during the whole growth cycle under future climate
conditions of (combined) elevated CO, and temperature as
mimicked in T-FACE environments. In addition, our meas-
urement protocol allowed us to separate the effects of growth
CO, (or temperature) from measurement CO, (or tempera-
ture) on dynamic photosynthetic parameters.

Dynamic photosynthesis under ambient conditions

Most studies investigating dynamic photosynthesis of C; crops
were conducted under ambient conditions, by assessing pho-
tosynthetic response to a single-step irradiance increase at a
vegetative growth stage (Soleh et al., 2016, 2017; Acevedo-
Siaca et al., 2020) or at a reproductive stage (Salter ef al., 2019;
Acevedo-Siaca et al., 2021). Their main findings were that (i)
the slow rate of photosynthetic induction reduced >15% of
potential assimilation (Salter ef al., 2019; Acevedo-Siaca et al.,
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Fig. 3. Rice LfUE during the first to ninth 1 min-HL-lightflecks and during the first to ninth 1 min-LH-lightflecks in the 2023 experiment. Rice LfUE

during the first to ninth 1 min-HL-lightflecks (A, C, E, G) and during the first to ninth 1 min-LH-lightflecks (B, D, F, H) for ambient conditions (circles, CT),
elevated CO, (squares, C*T), elevated temperature (triangles, CT*), and the combination of elevated CO, and elevated temperature (diamonds, C*T*) at
the flowering stage (A-D) and the grain-filling stage (E-H) in the 2023 experiment. LfUE is lightfleck utilization efficiency. A 1 min-HL-lightfleck is 1 min of
Ine (incident irradiance) of 1500 umol m= s (high irradiance) followed by 1 min of /,,, of 50 pmol M s™" (low irradiance), on leaves initially adapted at 50
umol m™ s~" for 30 min prior to measurements. A 1 min-LH-lighfleck is 1 min of /., of 50 pmol m™ s™" followed by 1 min of /,,, of 1500 pmol M s™", on
leaves initially adapted at 1500 umol m™ s for 30 min prior to measurements. LfUE for all treatments were estimated at measurement CO, levels of 400
umol mol™ and 600 pmol mol™ (as indicated at the right side of the figure) and at measurement leaf temperature of 31 °C. Each data point is the mean
value +SE of three replications.
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Fig. 4. Relationships between CCF during a series of lightflecks and A, or A, in the 2023 experiment. Relationships between CCF during a series of
lightflecks and A, or A, for ambient conditions (circles, CT), elevated CO, (squares, C*T), elevated temperature (triangles, CT*), and the combination
of elevated CO, and elevated temperature (diamonds, C*T") at all stages in the 20283 experiment. CCF |4, is the CCF during a series of 1 min-HL-
lightflecks [nine repeated cycles of 1 min of /., (incident irradiance) of 1500 pmol m™ s™" followed by 1 min of /i, of 50 pmol M s7". CCF_1miny is the
CCF during a series of 1 min-LH-lightflecks (nine repeated cycles of 1 min of /., of 50 umol m= s~ followed by 1 min of /. of 1500 umol m= s7). A
is the initial steady-state net photosynthetic rate (A,) at /., of 50 pmol m= s™" during a single-step irradiance increase; and A,y is the final steady-state
A, at I, of 1500 pmol m s™" during a single-step irradiance increase. Statistical parameters given in the panels are in bold if data are combined for all

treatments. The lines represent significant regressions (P<0.05).

2020), and (i1) the rate of photosynthetic induction was mainly
limited by their biochemistry (Soleh ef al., 2016, 2017; Salter
et al., 2019; Acevedo-Siaca et al., 2020, 2021). Our study con-
tained the data allowing investigation of dynamic photosyn-
thesis for rice during the whole growth cycle under ambient
conditions over 2 years.

Our results showed that at all developmental stages, pho-
tosynthesis in leaves that were adapted to I,. of 50 pmol
m™? s~ for 30 min took ~600 s to reach a steady-state value
after a single-step increase in irradiance to 1500 wmol m™
5! (Supplementary Figs S4-S6). However, photosynthesis in
leaves that were adapted to an I, of 1500 umol m™= s for
30 min dropped below A,; within 30 s after irradiance was
switched back to 50 wmol m™ s™' (Supplementary Fig. S15).
These results supported previous findings on the asymmetry
of dynamic photosynthesis in response to light increases and

drops—photosynthesis in leaves that were initially adapted to
low irradiance increased relatively slowly in response to sudden
increases in irradiance, but dropped almost immediately after
decreases in irradiance (Chazdon and Pearcy, 1986a; Kaiser ef al.,
2017b;Yamori et al., 2020; Kang et al., 2021). These asymme-
tries were also exhibited when plants were exposed to a series
of lightflecks (Supplementary Figs S13, S15, S18). Our results
showed that the overall LEUE during a series of lightflecks at all
developmental stages was ~83% (Supplementary Tables S7, S8).
This was largely due to the slow response of photosynthesis to
sudden increases in irradiance (Supplementary Figs S13, S15,
S18). In our case study, the LTUE of ~83% suggested that the
slow response of photosynthesis to increases in irradiance cost
~17% of potential assimilation. Our results confirm that a fast
rate of photosynthetic induction to fluctuating irradiance is a
valuable trait for improving crop productivity.
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Fig. 5. Relationships between LUE and gy or g in the 2023 experiment. Relationships between LfUE and g or g during each lightfleck for ambient
conditions (circles, CT), elevated CO, (squares, C*T), elevated temperature (triangles, CT*), and the combination of elevated CO, and elevated
temperature (diamonds, C*T¥) at all stages in the 2023 experiment. LfUE is lightfleck utilization efficiency. LTUE; . is LIUE of 1 min-HL-lightfleck [1 min
of I, (incident irradiance) of 1500 pmol m™ s™" followed by 1 min of /,,, of 50 pmol M= s7"). LFUE; .y is LFUE of 1 min-LH-lightfleck (1 min of /., of 50
umol m=2 s~ followed by 1 min of /,,, of 1500 pmol m=2 s7"). g4 and g are stomatal conductance at the onset and at the end of high irradiance in each
lightfleck, respectively. As the relationships between LfUE and gy or g for each treatment did not differ significantly between each 1 min-HL-lightfleck and
each 1 min-LH-lightfleck, each panel contains data for both lightfleck types. Statistical parameters given in the panels are in bold if data are combined for
all treatments. These non-linear relationships between LUE and g, or g differed significantly between the two measurement CO, levels (400 pmol mol™
and 600 umol mol™), but not between the two measurement leaf temperature levels (31 °C and 33 °C).

Parameter IT5, or ITy, s, whose inverse reflects the rate
of photosynthetic induction, was significantly correlated with
¢, during a single-step irradiance increase and lightflecks (Fig.
6; Supplementary Fig. S22). This was consistent with pre-
vious findings that values of IT5, 5 or ITy, 4 significantly cor-
related with g; during a single-step irradiance increase (Allen
and Pearcy, 2000a, b; Naumburg and Ellsworth, 2000; Kaiser
et al., 2016; Zhang et al., 2022). In addition, we observed that
LfUE in-rrs LEUE o, and LEUE 0 1y were also signifi-
cantly correlated with g; (Fig. 5; Supplementary Fig. S23).
Compared with photosynthesis, stomatal conductance dropped
slowly after a single-step irradiance decrease (Supplementary
Figs S4-S6). Stomatal conductance varied greatly during light-
flecks (Supplementary Figs S14,S16,519).A gradual increase in

9 (Supplementary Figs S14, S19) resulted in a gradual increase
in LtUE (Fig. 3; Supplementary Figs S17, S20) depending on
the number within the lightfleck series for both 1 min-HL-
lightflecks and 3 min-HL-lightflecks at all developmental
stages. Also, a slight decrease in g; (Supplementary Fig. S16)
resulted in a slight decrease in LEUE depending on the number
within the lightfleck series for 1 min-LH-lightflecks at all de-
velopmental stages (Fig. 3; Supplementary Fig. S17). Higher g
resulted in higher LTUE during a series of 1 min-HL-lightflecks
than during a series of 3 min-HL-lightflecks (Supplementary
Table S8; Supplementary Figs S19, S23). Furthermore, high g,
also resulted in higher LfUE during a series of 1 min-LH-
lightflecks than during a series of 1 min-HL-lightflecks (Fig.
5; Supplementary Figs S14, S16; Supplementary Table S7). Our
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Fig. 6. Relationships between /T5, , and gg; or ge;, and between /Tgy o and g or gy in the 2023 experiment. Relationships between /Ts,  and gg; or

Jsi, and between /g, 4 and g or g during a single-step irradiance increase (open symbols) and during each lightfleck (closed symbols) for ambient
conditions (circles, CT), elevated CO, (squares, C*T), elevated temperature (triangles, CT"), and the combination of elevated CO, and elevated
temperature (diamonds, C*T*) at all stages in the 2023 experiment. /T5 4 and /gy  are the times required to reach 50% and 90%, respectively, of the full
photosynthetic induction after the increase in irradiance or after exposure to high irradiance in each single lightfleck. gg; is the initial steady-state stomatal
conductance at I, (incident irradiance) of 50 umol m= s~ in the case of a single-step irradiance increase, or stomatal conductance at the onset of high
irradiance in the case of each lightfleck. gy is final steady-state stomatal conductance at /., of 1500 pmol m™ s7" in the case of a single-step irradiance
increase, or stomatal conductance at the end of high irradiance in the case of each lightfleck. As this relationship between /Tsq 4 o [Tgo 4 and gg; for each
treatment did not differ significantly between each lightfleck and single-step irradiance increase, all panels contain data for both a single-step irradiance
increase and each lightfleck. The line was fitted for all data and represented significant regression (P<0.05). These non-linear relationships between
[Tso.n OF ITgo 4 @Nd gy differed significantly between the two measurement CO, levels (400 umol mol™ and 600 umol mol s™), but not between the two

measurement leaf temperature levels (31 °C and 33 °C).

results suggested that g, played a pivotal role in determining
LfUE of dynamic photosynthesis for rice across developmental
stages under ambient conditions.

Effect of growth CO, or growth temperature in T-FACE
environments on dynamic photosynthesis

Our results showed that elevated growth CO, down-
regulated CCFp_s00» CCF_imin-tir, CCFr_iminrrs and steady-
state photosynthesis for rice after lowering, by 8-10% (Figs 2E
N, 7B, F) (more details are available in Supplementary Tables
S1-S4, S7, and S9). Elevated growth temperature marginally
increased (by ~3%) CCFp_go, and CCFy_g, in the 2023 exper-
iment (Fig. 2D, H), and A,z CCFp_g;, CCF1005 CCFL_imin-pits
and CCF s in the 2021 experiment after flowering
(Supplementary Figs S8A, D, ], S24A, B) (more details are given
in Supplementary Tables S1-S4 and S8). These results suggest
that not only steady-state but also dynamic photosynthesis after
rice flowering acclimated strongly to elevated growth CO, but
marginally to elevated growth temperature. Zhang et al. (2024)
found that elevated growth CO, caused down-regulation of
steady-state photosynthesis, but not of dynamic photosyn-
thesis, for horticultural species. These findings indicate that

the acclimation response of dynamic photosynthesis to ele-
vated growth CO, differed among species. However, elevated
growth CO, and growth temperature hardly affected photo-
synthetic induction rates (Supplementary Figs S9, S10) and
LfUE (Fig. 7; Supplementary Fig. S24) during the whole cycle
in both experiments. Kang et al. (2021) also reported that ele-
vated growth CO, hardly affected rates of photosynthetic in-
duction for rice and wheat.

Ohkubo et al. (2020) found that daily carbon gain during
fluctuating irradiance was strongly correlated with steady-
state photosynthesis. Our results showed that CCF during
a single-step irradiance increase and during lightflecks
was linearly correlated with A, in all treatments across
all developmental stages in both experiments (Figs 1, 4;
Supplementary Figs S8, S21). Furthermore, these linear rela-
tionships were not affected by elevated growth CO,, or by
growth temperature (Figs 1, 4; Supplementary Figs S8, S21).
These results were in contrast to our first hypothesis that
dynamic photosynthetic parameters strongly acclimated to
elevated growth CO, and growth temperature. The effects
of elevated growth CO, or growth temperature on CCF ei-
ther during a single-step irradiance change or during light-
flecks were quantitatively almost the same as their effects
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Fig. 7. Effects of measurement CO,, growth CO,, measurement temperature,
LfUE min-Ly in the 2023 experiment. Effects of measurement CO, (first column),

temperature (%)

and growth temperature on CCF_imin-ri, CCF _t1min-Li» LIUE min-nL, @nd
growth CO, (second column), measurement temperature (third column),

and growth temperature (fourth column) on CCF_ -1 (A-D), CCF 1 min-n (E-H), LIUE; e (L), and LIUE i (M—P) during a series of lightflecks
in the 2023 experiment. CCF_4 .1 is the cumulative CO, fixation (CCF) during a series of 1 min-HL-lightflecks [nine repeated cycles of 1 min of /.
(incident irradiance) of 1500 pmol m™ s~ followed by 1 min of /., of 50 pmol m™ s7". CCF 1.y is the CCF during a series of 1 min-LH-lightflecks

(nine repeated cycles of 1 min of /,,, of 50 pmol m= s~ followed by 1 min of /.
(LfUE) during a series of 1 min-HL-lightflecks. LFUE ..+ is the LFUE during a s

of 1500 pmol m s7"). LAUE, . is the lightfleck utilization efficiency
eries of 1 min-LH-lightflecks. Each data point is the mean value +SE of

three replications. Statistical parameters given in the panels are in bold if the lines were fitted for all data. The lines represent significant linear regressions

(P<0.05). The bold number in red in each panel is the average ratio of y-axis to

on A, during the whole cycle in both experiments (Figs 2,
7; Supplementary Figs S10, S24). This was due to the small
effect of elevated growth CO, or growth temperature on
photosynthetic induction rates and LfUE. Thus, the accli-
mation of dynamic photosynthesis to elevated growth CO,

Xx-axis values.

or growth temperature was related to that of steady-state
photosynthesis at high irradiance.

The rate of photosynthetic induction is believed to be
mainly regulated by four categories of processes, namely in-
duction of electron transport rates, of Calvin cycle enzyme
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activities, of stomatal opening, and of mesophyll conductance
(Pearcy, 1990; Tomimatsu and Tang, 2016;Yamori, 2016; Zeng
et al.,2024). We further investigated which physiological factor
played a role in determining the rate of photosynthetic in-
duction and LfUE in response to elevated growth CO, and
growth temperature. Our results showed that photosynthetic
induction rates were weakly correlated with the induction
rates of biochemical parameters across developmental stages
in both experiments (Supplementary Figs S11, S12). However,
both I'T5, o and I'Ty, 5 were very significantly correlated with g
during a single-step irradiance increase and during lightflecks
for all treatments in both experiments (Fig. 6; Supplementary
Fig. $22). Furthermore, these relationships for IT5, y and 1Ty, o
were not affected by elevated growth CO,, or by growth tem-
perature in the 2023 experiment (Fig. 6). In addition, the sig-
nificant relationship between LfUE and g; was also not affected
by elevated growth CO,, or by growth temperature in the
2023 experiment (Fig. 5). These results are in contrast to our
other hypothesis that both biochemical parameters and stom-
atal conductance controlled the response rate of photosynthesis
during induction and during lightflecks in response to elevated
growth CO, and growth temperature. Our results suggested
instead that only stomatal conductance played a pivotal role.

Effect of combined elevated growth CO, and
temperature on dynamic photosynthesis

Future climate change is associated with both elevated CO,
and elevated temperature. Our T-FACE systems provided a
unique opportunity to explore the eftects of combined growth
CO, and temperature on dynamic photosynthesis and its re-
lationship to steady-state photosynthesis under future climate
conditions. Our results in both experiments showed that com-
bined growth CO, and temperature (C*T") notably decreased
CCEF during a single-step irradiance increase and during light-
flecks after flowering, compared with the ambient conditions
(CT) (Supplementary Tables S1, S3, S7). This decrease was
largely caused by elevated growth CO,, and less by elevated
growth temperature (Supplementary Tables S1, S3, S7). There
was some interaction between growth CO, and growth tem-
perature for CCF during a single-step irradiance increase at
the grain-filling stage in the 2023 experiment (Supplementary
Table S2),in line with our previous study (Cai ef al., 2018) that
also observed a significant interaction between growth CO,
and growth temperature for rice steady-state photosynthesis at
high irradiance in T-FACE experiments. However, the interac-
tion was not observed in the 2021 experiment (Supplementary
Table S4). C*'T" did not alter the linear relationship between
CCF and A, ¢ during a single-step irradiance change and during
lighflecks in both experiments, compared with CT (Figs 1, 4;
Supplementary Figs S8, S21).

There were significant interactions between growth CO,
and growth temperature for ITy, 5 at the flowering stage in
the 2023 experiment (Supplementary Table S2) and for

ITy 5 at the stem-elongation stage in the 2021 experiment
(Supplementary Table S4). In addition, we also observed sig-
nificant interactions between growth CO, and growth tem-
perature for IT5,; and Ty, at the stem-elongation stage in the
2021 experiment (Supplementary Table S6). Previous studies
suggested that the rate of photosynthetic induction was mainly
limited by their biochemistry under ambient conditions (Soleh
et al.,2016,2017; Salter et al., 2019; Acevedo-Siaca et al., 2020,
2021). This was inconsistent with our results (Supplementary
Figs S11, S12). Our results showed that compared with CT,
C'T" did not alter the significant relationship between IT 4,
ITyy , or LfUE and g; across all measurement CO, levels,
measurement temperature levels, and developmental stages
in the 2023 experiments (Figs 5, 6). For lightflecks, values
of g; under C*T" after the second exposure to 1 min-HL-
lightflecks and 1 min-LH-lightflecks at all developmental stages
were above or close to the threshold g; for LfUE, ;, 4 and
LfUE, i,1q 10 the 2023 experiment (Fig. 6; Supplementary
Figs S14,S16). During a single-step irradiance increase in both
experiments, C*T" hardly affected T, and 1Ty, across all
measurement CO, levels, measurement temperature levels,
and developmental stages, compared with CT (Supplementary
Tables S1, S3). Taken together, the combined growth CO, and
temperature slightly affected rates of photosynthetic induction
and LfUE in both experiments. Thus, the effects of the com-
bined growth CO, and temperature on CCF either during
a single-step irradiance or during lightflecks were almost the
same as their combined effect on steady-state photosynthesis
at high irradiance.

Effect of measurement CO, or measurement
temperature on dynamic photosynthesis

Elevated measurement CO, increases both steady-state and
dynamic photosynthesis (Tomimatsu et al., 2014; Kaiser et al.,
2017b; Kang et al., 2021), consistent with our results of a
31-34% increase in both experiments (Figs 2, 7; Supplementary
Fig. S10). However, the effects of elevated measurement tem-
perature on these photosynthetic parameters during the whole
cycle were very small in the 2023 experiment (Figs 2,7). Linear
regression analysis showed that neither elevated measurement
CO, nor measurement temperature altered the linear rela-
tionships between CCF and A, during single-step irradiance
change (Fig. 1; Supplementary Fig. S8) and during lightflecks
(Fig. 4; Supplementary Fig. S21) in both years, in contrast to
one of our hypotheses that responses of integrated dynamic
photosynthesis to elevated measurement CO, and temperature
were not correlated with those of steady-state photosynthesis.
Further analysis indicated that the effect of elevated measure-
ment CO, or measurement temperature on dynamic photo-
synthesis during a single-step irradiance increase and during
lightflecks could be accurately predicted by their effect on
steady-state photosynthesis at high irradiance in both experi-
ments (Figs 2, 7; Supplementary Fig. S10).
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Previous studies showed that elevated measurement CO,
increased dynamic photosynthesis beyond its effects on steady-
state photosynthesis, most of which was due to an increase
in rate of photosynthetic induction (Tomimatsu et al., 2014;
Kaiser ef al., 2017b). However, reported responses of the pho-
tosynthetic induction rate to elevated measurement CO, were
inconsistent (Tomimatsu ef al., 2014; Kaiser et al., 2017b; Kang
et al., 2021). These resulted in inconsistent effects of elevated
measurement CO, on dynamic versus steady-state photosyn-
thesis (Tomimatsu et al., 2014; Kaiser ef al., 2017b; Kang et al.,
2021). Kaiser ef al. (2017b) found that measurement CO, el-
evation by 400 pmol mol ™ significantly decreased ITj, 5 and
ITy o by 37-61%, which additionally contributed 12% of the
increased carbon gain for tomato. Tomimatsu et al. (2014)
found that measurement CO, elevation by 350 umol mol™
significantly decreased IT5 5, but not I'Ty 4, which additionally
contributed 7% of the increased carbon gain for Dipterocarpus
sublamellatus seedlings. Our results for rice showed that the en-
hancement effect of measurement CO, elevation by 200 pmol
mol™" on CCF,_q, was only 3—4% higher, and that on CCF;_
imin-pr and CCFy_y ity were 1% lower, than that on A, ¢ (Figs
2, 7; Supplementary Fig. S10). These were related to a slight
decrease in IT5; 5 and 1Ty, o by 7-20% and in LfUE,, ;, 1 and
LfUE,,j,.1u during a series of lightflecks by 1% during the
whole cycle (Fig. 7; Supplementary Figs S9, S10). The reason
for these different results could be linked to the magnitude
of the increase in measurement CO,, differences in species
used, and open field versus closed compartment conditions.
We also showed that measurement temperature elevation by
2 °C had very small effects on rates of photosynthetic induc-
tion during a single-step irradiance increase and LfUE during
lightflecks for all treatments in the 2023 experiment (Fig. 7;
Supplementary Fig. S9). Thus, the effects of measurement
temperature elevation on CCF during a single-step irradiance
change and during lightflecks were of almost the same extent
as its effect on steady-state photosynthesis at high irradiance
(Figs 2, 7).

Rates of photosynthetic induction and LfUE in each light-
fleck were strongly correlated with g; in all treatments in both
experiments (Figs 5, 6; Supplementary Figs S22, S23). Stomatal
conductance during fluctuating irradiance was often reported
to be notably decreased by elevated measurement CO, for Cs
crops (Kang et al., 2021; Zhang et al., 2024), consistent with
our results in the 2023 experiment (Supplementary Figs S14,
S16). However, elevated measurement CO, slightly affected
LfUE, inpr and LEUE, ;1 during a series of lightflecks in
all treatments in the 2023 experiment (Fig. 7). The reason for
this is probably 2-fold. Firstly, elevated measurement CO, sig-
nificantly altered the non-linear relationship between IT5 4,
ITyy p, LEUE_ i, or LEUE 1y and g; in each lightfleck
in the 2023 experiment (Figs 5, 6). For a given g; below the
threshold g;, elevated measurement CO, decreased IT5, 4 or
ITyy 5, but increased LfUE, ;4 and LIUE, ;1 in the 2023
experiment (Figs 5, 6). These might be related to a decrease
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in stomatal limitation caused by elevated measurement CO,
(Kaiser et al.,2015). Secondly, values of g; at an elevated meas-
urement CO, level (600 mmol mol™) for all treatments after
the second exposure to 1 min-HL-lightflecks and 1 min-LH-
lightflecks at all stages were above or close to the threshold g
for LfUE |, ;,.pr and LIUE ;11 in the 2023 experiment (Fig.
5; Supplementary Figs S14, S16). In addition, elevated meas-
urement temperature did not alter the non-linear relation-
ship between Ty 5, IToq 5, LEUE i,y or LEUE, ;1 and g
in each lightfleck (Figs 5, 6). Across all treatments during the
whole cycle in 2023, elevated measurement temperature had
slight effects on g (Supplementary Figs S14, S16), and thus on
LfUE during 1 min-HL-lightflecks (Fig. 7K) and 1 min-LH-
lightflecks (Fig. 70).

Implications for modelling dynamic photosynthesis
under future climate change

Many modelling results showed that the current crop model
integrated with a steady-state photosynthesis model could pre-
dict crop growth and yield under both ambient field conditions
and future field conditions very well (Yin, 2013; Hasegawa
et al., 2017; Li et al., 2022). These could be supported by our
results showing that CCF during a single-step change in irra-
diance or during lightflecks was positively correlated with A,¢
or A,; for the four CO, and temperature treatments during the
whole crop cycle (Figs 1, 4). Zhang et al. (2022) found that the
average photosynthesis during the first 300 s of induction had
significant positive correlations with A, or A ; for major horti-
cultural crops under ambient conditions. Ohkubo et al. (2020)
found that steady-state photosynthesis was strongly correlated
with daily carbon gain during fluctuating irradiance for rice
under ambient conditions.

However, LIUE, the ratio of CCF to assimilation expected
from equivalent steady-state irradiance levels, changed from
44.5% to 94.7% depending on the number within the light-
fleck series for all treatments (Fig. 3; Supplementary Figs
S17, S20). This was a consequence of changes in rates of
photosynthetic induction with the number within the light-
fleck series for all treatments. Previous studies showed that
the rate of photosynthetic induction strongly depends on
the recent light history of the leaf (Kaiser et al., 2016, 2017a)
and is affected by environmental factors (such as tempera-
ture, air humidity, leaf-to-air vapour pressure difference, and
CO, concentration) (Kaiser et al., 2015, 2017a). Our results
showed that both LfUE in each lightfleck and rates of photo-
synthetic induction were more significantly correlated with
g4 than with g for four CO, and temperature treatments in
rice across all developmental stages (Figs 5, 6; Supplementary
Figs S22, S23). Elevated CO, and temperature strongly af-
tected g, at both high and low irradiance during lightflecks
(Supplementary Figs S14, 816, S19). Zhang et al. (2022) also
found that ITj,, and ITy, , were significantly correlated
with g, but not with g for major horticultural crops under
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ambient conditions. Thus, g; played a pivotal role in deter-
mining carbon gain during fluctuating irradiance (Allen and
Pearcy, 2000a, b; Urban ef al., 2007, 2008; Kaiser et al., 2016).
In contrast, photosynthetic induction rates were only weakly
correlated with the induction rates of biochemical param-
eters (Supplementary Figs S11, S12). Thus, neglecting the
effects of elevated CO, and temperature on induction rates
of biochemical parameters did not result in critical errors
in predicting dynamic photosynthesis under future climate
change. Previous studies showed that mesophyll conductance
played an important role in limiting photosynthesis during
induction under ambient conditions (Liu et al., 2022) and
combined drought and heat stresses (Zeng et al., 2024). Our
previous studies showed that elevated CO, and temperature
decreased steady-state mesophyll conductance (Cai et al.,
2018, 2020). However, the effects of elevated CO, and tem-
perature on induction kinetics of mesophyll conductance
remain to be quantified. Overall, a biochemical model for
steady-state photosynthesis can be used to accurately predict
dynamic photosynthesis in responses to elevated CO, and
temperature under a future natural environment, provided
that stomatal conductance, especially g, in responses to fluc-
tuating irradiance can be quantified reliably.

Conclusion

This study examined the responses of rice dynamic photo-
synthesis to elevated CO, and temperature during the whole
growth cycle in T-FACE experiments in 2 years. Our results
showed that the CCF during a single-step irradiance increase
and during lightflecks acclimated strongly to elevated growth
CO, but marginally to growth temperature. The acclimations
of CCF during a single-step irradiance increase and during
lightflecks to elevated growth CO, and growth temperature
were correlated with those of final steady-state photosynthesis
at high irradiance (A,9. The effects of elevated growth CO,,
elevated measurement CO,, elevated growth temperature, and
elevated measurement temperature on CCF during a single-
step irradiance increase and during lightflecks were of almost
the same extent as their effects on A, Photosynthetic induc-
tion rates during a single-step irradiance increase and during
each lightfleck in the four CO, and temperature treatments
were strongly correlated with initial stomatal conductance,
but were only weakly correlated with the induction rates of
biochemical parameters. LIUE showed a large variation de-
pendent on the number within the lightfleck series. This was
related to the variation of stomatal conductance among the
series of numbers. Our results suggest that steady-state pho-
tosynthesis models can be used to accurately predict dynamic
photosynthesis in response to elevated CO, and temperature
under future climatic conditions, provided that stomatal con-
ductance in response to fluctuating irradiance can be quanti-

fied reliably.

Supplementary data

The following supplementary data are available at JXB online.
Fig. S1.The T-FACE system used in the 2023 experiment.
Fig. S2. Daily weather during the growing season for rice in

2021 and 2023.

Fig. S3. Measured and predicted time course of CO, assim-
ilation during single lightflecks.

Fig. S4. Examples of changes in rice photosynthetic induc-
tion and stomatal conductance after a single-step change in ir-
radiance at a leaf temperature of 31 °C in the 2023 experiment.

Fig. S5. Examples of changes in rice photosynthetic induc-
tion and stomatal conductance after a single-step change in ir-
radiance at leaf temperature of 33 °C in the 2023 experiment.

Fig. S6. Changes in rice photosynthetic induction and stom-
atal conductance after a single-step change in irradiance in the
2021 experiment.

Fig. S7. Relationships between IT5,, and A, or A, be-
tween ITy, 5 and A,; or A, and between A,¢and A; during a
single-step change in irradiance in the 2023 experiment.

Fig. S8. Relationships among photosynthetic param-
eters during a single-step change in irradiance in the 2021
experiment.

Fig. S9. Effects of measurement CO,, growth CO,, meas-
urement temperature, and growth temperature on g, &z 1150 A,
and ITy,  during a single-step irradiance increase in the 2023
experiment.

Fig. S10. Effects of measurement CO,, growth CO,, and
growth temperature on photosynthetic parameters during a
single-step irradiance increase in the 2021 experiment.

Fig. S11. Relationships between IT5) s and ITsqyem., OF
T, and between [Ty, 5 and [Ty, yema OF 1Ty  in the 2023
experiment.

Fig. S12. Relationships between IT5) s and ITsqyem., OF
T, and between [Ty, 5 and 1Ty, yema OF [Ty  in the 2021
experiment.

Fig. S13.Time courses of rice photosynthetic response to a
series of 1 min-HL-lightflecks in the 2023 experiment.

Fig. S14.Time courses of rice stomatal conductance response
to a series of 1 min-HL-lightflecks in the 2023 experiment.

Fig. S15. Time courses of rice photosynthetic response to a
series of 1 min-LH-lightflecks in the 2023 experiment.

Fig. S16.Time courses of rice stomatal conductance response
to a series of 1 min-LH-lightflecks in the 2023 experiment.

Fig. S17. Rice lightfleck utilization efficiency during
the first to ninth 1 min-HL-lightflecks and during 1 min-
LH-lightflecks at a leaf temperature of 33 °C in the 2023
experiment.

Fig. S18.Time courses of rice photosynthetic response to a
series of 1 min-HL-lightflecks and 3 min-HL-lightflecks in the
2021 experiment.

Fig.S19.Time courses of rice stomatal conductance response
to a series of 1 min-HL-lightflecks and 3 min-HL-lightflecks
in the 2021 experiment.
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Fig. S20. Rice lightfleck utilization efficiency during the
first to ninth 1 min-HL-lightflecks and during the first to third
3 min-HL-lightflecks in the 2021 experiment.

Fig. S21. Relationships between CCF; and A, or A,; in the
2021 experiment.

Fig. S22. Relationships between IT5, 5 and g; or g, and be-
tween [Ty, 4 and g; or g during a single-step increase in ir-
radiance and during each lightfleck in the 2021 experiment.

Fig. S23. Relationships between LfUE and A, or A,; in the
2021 experiment.

Fig. S24. Effects of growth temperature on rice CCF; and
LfUE in the 2021 experiment.

Table S1. Photosynthetic parameters during induction in the
2023 experiment.

Table S2. ANOVA of measurement CO,, growth CO,,
measurement temperature, and growth temperature effects
on photosynthetic parameters during induction in the 2023
experiment.

Table S3. Photosynthetic parameters during induction in the
2021 experiment.

Table S4. ANOVA of measurement CO,, growth CO,, and
growth temperature effects on photosynthetic parameters
during induction in the 2021 experiment.

Table S5.Time for 50% and 90% induction of 1., or of |
in the 2023 experiment.

Table S6.Time for 50% and 90% induction of 1., or of |
in the 2021 experiment.

Table S7.The cumulative CO, fixation and lightfleck utili-
zation efficiency during a series of 1 min-HL-lightflecks and 1
min-LH-lightflecks in the 2023 experiment.

Table S8.The cumulative CO, fixation and lightfleck utili-
zation efficiency during a series of 1 min-HL-lightflecks and 3
min-HL-lightflecks in the 2021 experiment.

Table S9. Analysis of measurement CO,, growth CO,, meas-
urement temperature, and growth temperature effects on the
cumulative CO, fixation and lightfleck utilization efficiency
during a series of 1 min-HL-lightflecks and 1 min-LH-
lightflecks in the 2023 experiment.

Protocol S1.The FvCB model.
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