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Editorial on the Research Topic

Carbon-water-nitrogen processes and mechanisms of agricultural and
forest ecosystems under future climate change
It is well known that agricultural and forest ecosystems serve as vital carbon sinks in

terrestrial ecosystems. Understanding the fundamental processes and mechanisms of

ecosystem carbon cycles in face of climate change is critical for quantifying the carbon

sinks of terrestrial ecosystems. Ecosystem carbon cycles cannot be separated from water

and nitrogen cycles and thus the response and adaptation of carbon-water-nitrogen

processes in agricultural and forest ecosystems to climate change demand further

studies. This research topic published 10 papers to gain novel insights into the

underlying mechanisms and processes of carbon-water-nitrogen interactions in

agricultural and forest ecosystems in response to climate change.

Litter decomposition is a pivotal biogeochemical process, which profoundly influences

carbon and nitrogen cycling in forest and grassland ecosystems. Climatic factors can

significantly impact litter decomposition rates, carbon sequestration, and the emissions of

greenhouse gases such as CO2 and N2O. Liu et al. conducted a comprehensive meta-

analysis of 351 samples from 37 published studies to explore the interactive effects of solar

radiation and precipitation on litter decomposition and CO2 emission on a global scale.

They found that the solar radiation significantly increased litter decomposition which was

dependent on precipitation regimes. Meanwhile, Li et al. investigated the effects of warming

and reclamation on N2O emission flux through a long-term manipulative warming

experiment on the Qinghai-Tibetan Plateau. Their results demonstrated that reclamation

amplified the warming effects on N2O emissions by enhancing soil nitrification and related
frontiersin.org0154
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enzymatic activities in alpine meadows. Additionally, Lin

et al.examined the long-term spatiotemporal variations in

aboveground carbon sequestration rates in the eastern Tibetan

Plateau using a forest landscape model under different climate

change scenarios. Their study highlighted the variability in

aboveground carbon sequestration rates across various forest

types in response to climate warming.

The escalating frequency and duration of drought events under

climate change have prompted heightened scrutiny of their impacts

on temporal and spatial variations in evapotranspiration and water

use efficiency. Yang et al. analyzed the inter-annual variations of

evapotranspiration with eddy covariance fluxes in an urban forest in

Beijing, China, revealing that spring and mid-summer droughts

primarily drove inter-annual variations in evapotranspiration due

to the reduced stomatal conductance. Furthermore, Xu et al.

employed the ensemble empirical mode decomposition method to

investigate spatial variations and mechanisms influencing the

stability of water use efficiency in China. Their findings explored

the role of precipitation and soil moisture in promoting stable water

use efficiency, with unstable trends primarily driven by positive or

negative reversals. In addition, Jiang et al. presented an in-depth

analysis of the impact of seasonal drought on root distribution and

water utilization patterns of forests in south China. Their findings

highlighted the critical role of deep fine roots in utilizing deep soil

water during the dry season, constituting a substantial portion of

total water consumption.

Leaf photosynthesis, reliant on both photochemical and

carboxylation processes, is central to terrestrial carbon fluxes.

Accurate estimation of photochemical parameters and maximum

carboxylation rates is essential for predicting carbon fluxes of

terrestrial ecosystems. The article by Liu et al. found that the

inferred values of the photochemical redox parameters varied

with leaf macronutrient contents. The work of Li et al. evaluated

the relationships between the leaf maximum rate of carboxylation

and both leaf Narea and photosynthetic pigments of winter wheat in

a farmland ecosystem in China. One of the study’s notable findings

was the strongest correlation between leaf Vcmax and leaf Chlarea.

Their findings suggest that photosynthetic pigment content serves

as a predictor for estimating Vcmax, offering a novel approach for

spatially continuous Vcmax estimation and enhancing simulation

accuracy in ecological models.

In addition to the above articles from field studies, two papers

elucidated the mitigated effects of elevated CO2 concentrations on

environmental stressors such as drought and nutrient deficiency.

Based on manipulative experiment with environmental growth

chambers, Chang et al. examined the effects of elevated CO2

concentration and temperature on plant growth and leaf gas

exchange of winter wheat along a soil water gradient, and found

that elevated CO2 concentration substantially enhanced leaf

photosynthesis by about 30% under water deficiency, suggesting

the negative impacts of water deficiency on winter wheat might be

partially mitigated by elevated CO2 concentration. Li et al.reported
Frontiers in Plant Science 0265
findings that the plant growth and leaf photosynthesis of annual

ryegrass under phosphorus deficiency were enhanced by elevated

CO2 concentration, indicating the impacts of phosphorus deficiency

on annual ryegrass may be alleviated by elevated CO2 concentration

under climate change.

This research topic presents the latest studies on how climate

change affects the carbon-water-nitrogen processes of agricultural

and forest ecosystems. Meanwhile, this research topic highlights the

importance and uncertainty of ecosystem functioning in response

to climate change. Therefore, fully exploring the potential

mechanisms and processes of agriculture and forests to climate

change is pivotal to projecting the potential risk of climate change

on global grain yield and forest carbon sequestrations.
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Jun Yan6, Shicheng He6, Hasbagan Ganjurjav1,2*
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Climatic warming can alter grassland nitrous oxide (N2O) emissions due to soil

property alterations. However, how the reclamation affect grassland N2O flux

under warming conditions remains unclear in alpine meadow ecosystems. We

conducted a long-term manipulative warming experiment in a natural alpine

meadow and a cultivated grassland on the Qinghai-Tibetan Plateau to explore

the separate and interactive effects of warming and reclamation on the soil N2O

emission flux. N2O fluxes were measured under four treatments including

control (CK), warming (W), reclamation (R) and warming under reclamation

(WR) from August 2018 to July 2019. We measured the content of soil C, N

nutrients and 5 enzymatic activities in 2018 and 2019. Correlation analysis and

structural equation modeling were used to clarify how soil N availability and soil

enzyme activities affect N2O emission. Our results indicated that compared to

the ambient conditions for the growing and non-growing seasons, soil N2O flux

was significantly increased 59.1% and 152.0% by warming and 28.4% and 142.4%

by reclamation, respectively. Compared with W, WR significantly increased N2O

flux by 18.9% and 81.1% during the growing and non-growing seasons,

respectively. Soil moisture was negatively correlated to enzymatic activity and

N2O flux. Both warming and reclamation promoted soil nitrification by increasing

related enzymatic activities that acted to increase the N2O flux. Reclamation

resulted in a greater sensitivity of the activity of ammonia monooxygenase and

hydroxylamine oxidoreductase to warming, thus enhancing the effects of

warming on increasing the N2O flux. Our research indicated that reclamation

can additionally increase the effects of warming on N2O emissions for alpine

meadows. Therefore, excessive expansion of arable land should be avoided, and

new reclamation sites should be planned scientifically, as warming is expected to

intensify in the future.

KEYWORDS

warming, reclamation, alpine meadows, Qinghai-Tibet Plateau, Nitrous Oxide
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1 Introduction

Terrestrial ecosystems account for 70% of the global N2O

production (Barnard et al., 2005) and in particular, grasslands

cover 35% of the world’s land area (Dubois, 2011) and are a

primary source of this gas that is released into the atmosphere.

Grasslands are facing the dual pressure of warming and reclamation

and these changes can affect soil N2O emissions by altering soil

nutrition, temperature, moisture and microbes (Contosta et al.,

2011; Abraha et al., 2018).

Warming can alter soil N availability (Elrys et al., 2021; Li et al.,

2022a) and associated enzymatic activities (Rich et al., 2003;

Wendeborn, 2020) as well as nitrification and denitrification

processes. Generally, warming can accelerate soil N cycling, and

this results in increased N2O flux. Warming also increases turnover

of soil N and soil microbe activities in ice land grasslands (Séneca

et al., 2021) and this increases N loss as N2O (Robertson and

Groffman, 2007). In the Qinghai-Tibetan Plateau (QTP), the annual

N2O flux for the alpine meadows increases gradually with

temperature due to the direct positive effects of warming on soil

microorganisms and enzymes (Du et al., 2016). However, other

studies have reported that warming did not increase N availability

and N2O emissions. For example, a meta-analysis about soil carbon

and nitrogen dynamics on the Tibetan Plateau reported

insignificant response of soil NH+
4 − N to warming in the

grassland (Zhang et al., 2015). Moreover, a recent study suggested

that warming decreased the soil moisture in a relatively wet soil and

probably increased O2 concentrations thereby inhibiting N2O

production through denitrification in an alpine meadow (Wang J.

et al., 2021). In contrast, warming did not significantly affect N2O

emission during the first and the second growing season, but

stimulated N2O uptake in the third growing season in a tundra

ecosystem on the Chinese Changbai Mountain (Zhou et al., 2016).

Reclamation is a common approach for degraded grassland

restoration or forage production and this practice alters soil N and

moisture content and soil N2O emissions (Buchen et al., 2018).

Firstly, ploughing increases N input from mineralization of the

organic N in plant litter resulting in increased N2O emission

(Drewer et al., 2017). Secondly, minimum tillage increases soil

N2O by increasing soil water-holding capacity that results a

decrease in aerobic soil conditions that favors denitrification

(Krol et al., 2016). Thirdly, plowing can increase soil pore spaces

and air permeability and release trapped gases in soil pore spaces

thus increasing soil N2O flux (Ball et al., 1999; Heincke and

Kaupenjohann, 1999). Finally, soil organic matter mineralization

can be promoted by reclamation via increased soil oxygen

consumption thereby again favoring denitrification (Li et al.,

2007). For example, a study of 3 Canadian Arctic ecosystems

suggested the consumption of soil organic matter facilitated

denitrification resulting in increased N2O production (Paré and

Bedard-Haughn, 2013).

The Qinghai–Tibetan Plateau (QTP) is called the “third pole” of

the world (Qiu, 2008) due to its high altitude and coldness. The

alpine meadow serves as a dominant ecosystem in the QTP (Wang

et al., 2014) and an important reservoir of N2O emissions (Hu et al.,

2010). Climate warming has profoundly affected the QTP where air
Frontiers in Plant Science 0287
temperature has reached 0.25°C per decade (Yao et al., 2019). The

shortage of animal forage and grassland degradation has driven the

conversion of some alpine meadows into cultivated grasslands for

forage (Gao et al., 2019) and the numbers of converted meadows

have dramatically increased in high altitude locations over the

recent decades (Yang et al., 2015). There have been numerous

recent studies documenting how warming affects N2O emission flux

in the growing season for these areas (Zhu et al., 2015; Chen et al.,

2017; Zhao et al., 2017; Wang J. et al., 2021). However, the

interactions of warming and reclamation on the soil N2O

emission flux remains unclear.

We used open-top chambers (OTC) to perform a long-term

manipulative experiment in a cultivated grassland and a natural

alpine meadow on the QTP. We aim to explore whether there are

interactive effects of warming and reclamation on grassland N2O

emission and to clarify how soil N availability and soil enzyme

activities regulate the responses of N2O emission to warming and

reclamation. We hypothesized that (1) warming and reclamation

can affect soil nutrients and increase nitrification enzyme activity to

promote N2O flux; (2) there are significant positive interactions

between warming and reclamation on soil N2O flux.
2 Materials and methods

2.1 Study site

Our experiment was started at 2011 in the Nagqu National

Observation and Experimental Station for Agricultural

Environment (31.441°N, 92.017°E; 4460 m above sea level), Tibet

Autonomous Region, China. The data from the China

Meteorological Data Sharing Service System indicated the mean

annual temperature (-0.6°C) and the mean annual precipitation

(457.6 mm) from 1980 to 2011 in this region. Here, the sedge

Kobresia pygmaea dominates the alpine meadow as a main

grassland type. Elymus nutans was used to build cultivated

grassland in 2011, when we just plowed the soil of alpine meadow

and planted the seeds of Elymus nutans without any fertilizer. All

the experimental sites were fenced in 2010 and there were no

activities of grazing, fertilization or mowing during the

experimental period.
2.2 Experiment design

In this experiment, the OTCs (made of solar radiation-

transmitting plastic; height 0.45 m; diameter at ground height

1.20 m and diameter at maximum height 0.65 m) were used to

simulate climatic warming. The warming experiment began in 2011

with a design including four replicates and four treatments: control

(CK), warming (W), reclamation (R) and warming under

reclamation (WR). At each of the locations for planted grassland

and meadow, there were a total of eight plots. Each test location had

a surface area of 2,500 cm2. The plot diagram and realistic picture

were showed in Figure 1. Measurements of soil N2O flux began in

July 2018 and ended in August 2019. After warming, in the growing
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season, soil temperature (5 cm depth) significantly increased by 1.2

°C and 1.0 °C in the alpine meadow and the cultivated grassland,

respectively and soil moisture (5 cm depth) significantly decreased

by 5.5% and 2.6%, respectively (Figure 2).
2.3 Microclimates measurements

Throughout the growing season, the EM50 Data Collection

System from Decagon Devices, Pullman, WA, USA, was utilized for

soil temperature and moisture content measurements at 5 cm

depths at 30 min intervals in each plot and site. During the non-

growing season, no microclimatic data were gathered.
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2.4 N2O flux measurements

Closed static chamber and gas chromatography were used for

the measurement of N2O emission flux (Yan et al., 2018). To reduce

the heating effect of solar radiation during sampling, heat-insulating

foam was applied to the exterior of each chamber. Each plot had a

cylindrical container with a shaft ring and chamber that was 31.8

cm in diameter and 20 cm high. With a headspace height of 20 cm,

the collar’s bottom was placed in the ground (5 cm). Each chamber

has a fan to guarantee even air distribution and a ventilation duct to

maintain equilibrium throughout sampling. Gas samples (30 mL

each) were taken at 0, 5, 15, and 30 minutes after the chamber was

closed using pre-vacuumed 10 mL air bottles. N2O fluxes were
A B

FIGURE 2

Soil temperature (°C) and moisture (v/v) at 5 cm depths under four treatments with the result of t-test. CK, control; W, warming; R, reclamation; WR,
warming under reclamation. Mean ± Standard error (n = 4) was shown in the figure. (*0.01< p< 0.05; **0.001< p< 0.01; ***p< 0.001).
A B

C

FIGURE 1

The figure of experimental site location (A), plot diagram (B) and realistic scene(C).
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sampled on all plots at 11:00 - 13:00 (during this period, the weather

in this area is generally clear, and thunderstorms are avoided as

much as possible to reduce the influence of weather factors on the

experimental determination) once every 15 days in each month

during growing season (May to September) and in the middle of

each month during non-growing season (October to April). In total,

we measured N2O flux twice in a month during growing season and

once in a month during non-growing season. The N2O flux data for

September 2018 were lost. Gas chromatography with a flame

ionization detector (Model 4890D; Agilent, Wilmington, TX,

USA) was used to quantify N2O in gas samples. The calculation of

N2O emission flux is as shown below (Yuesi and Yinghong, 2003):

FN2O = r � P
P0

� V
A
� Dc

Dt
� 273:15

273:15 + T

where FN2O is the N2O flux (mg m-2h-1), r (kg/m3) is the N2O

gas density, P (kPa) is the atmospheric pressure at the time of

sampling, P0 (kPa) is the standard atmospheric pressure, V (m3)

and A (m2) are the capacity and basal area of the chamber,

respectively. Dc
Dt is the gradient of the linear regression for the gas

concentration gradient with time (m3 m−3 h−1), and T is the mean

air temperature throughout the sampling period (°C).

We used the average of two daily N2O emission flux as the

monthly N2O flux for each treatment in the growing season. In the

non-growing season, the daily N2O flux represented the monthly

N2O flux The calculation for the mean N2O emission fluxes in the

growing season (from June to September), non-growing season

(from October to May) was the same as used for the monthly N2O

emission fluxes. We took the mean N2O emission fluxes for each

observation day during a particular period as the average N2O

emission flux during that period.
2.5 Soil C and N measurements

A bucket auger (5 cm diameter) was used to collect soil samples

of each experimental plot at 0–15 cm depth in mid-Aug 2018 and

mid-July 2019. After collecting, the samples were passed through a

soil sieve with 2 mm apertures. Soil total C (TC) and total N (TN)

contents were determined by A Vario EL III TOC element analyzer

(Elementar, Hanau, Germany). Soil organic carbon (SOC) content

was determined by the potassium dichromate oxidation method.

Soil samples extracted by 2 M KCl (Wei et al., 2014) were used to
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detect the content of NH+
4 − N and NO−

3N by a flow injection auto

analyzer (Auto Analyzer 3, Bran Luebbe, Norderstedt, Germany).

Dissolved organic nitrogen (DON) was obtained as the difference

between the TN and inorganic N ( NH+
4 , NO

−
2 and NO−

3 ) in the

filtrate. Inorganic nitrogen was also measured by a flow injection

auto analyzer (Auto Analyzer 3, Bran Luebbe) as previously

described (Yang J. et al., 2021).
2.6 Soil enzymatic activity measurements

Soil ammonia monooxygenase (AMO), hydroxylamine

oxidoreductase (HAO), nitrite reductase (NXR), nitric oxide

reductase (NOR) and nitrous oxide reductase (NOS) were

measured using enzyme-linked immunosorbent assay (ELISA)

commercial kits to determine the related enzyme activities (U/g).

The specific function of these enzymes involved in nitrification and

denitrification are recorded in the following table (Table 1). In the

kit, solid phase antibody was to be combined with enzyme and its

labeled antibody to form antibody-antibody-enzyme-labeled

antibody complex. After thorough washing and adding specific

substrate, this color of complex began to change. The shade of the

color was positively correlated with the activity of the sample

enzyme. The absorbance (OD value) was measured with an

enzyme label at 450nm wavelength, and the concentration of the

activity of the sample enzyme was calculated by standard curve

(Shanghai Zhuocai Biology).
2.7 Statistical analyses and calculations

The effects of warming, reclamation, sampling day and their

interactions on average N2O emission flux were tested using

repeated ANOVA calculations. The average N2O emission flux

under different treatments for the growing and non-growing

seasons was calculated using the hoc-posttest with LSD (least

significant difference) to examine differences among all

treatments. We used two-way ANOVA to measure warming,

reclamation and their interactive effects on soil nutrients and

enzymatic activities in 2018 and 2019. The response ratio (r),

which was computed as r=Ln(T/A) where T was the value under

the treatment and A was the value under ambient conditions, was

used to quantify the extent of the treatment’s impact on soil
TABLE 1 The main enzymes involving in soil nitrification and denitrification and their roles in specific process.

The type of enzyme Pathway Process

Ammonia monooxygenase (AMO) NH+
4 − N ! NH2OH Nitrification

Hydroxylamine oxidoreductase (HAO) NH2OH ! NOH Nitrification

Nitrite reductase (NXR) NO−
2 ! NO Denitrification

Nitric oxide reductase (NOR) NO ! N2O Denitrification

Nitrous oxide reductase (NOS) N2O ! N2 Denitrification
“!” means soil nitrogen changes from one form to another.
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nutrients and enzyme activity. Values of the response ratio that

were positive or negative showed that the therapy had either

beneficial or detrimental effects. The t-test was used to determine

its significant differences from zero. Linear regression analysis was

used to measure the relationships between enzyme activity and N2O

flux in the two types of grassland.

Structural equation modeling (SEM) using Amos25 SSPS

software (Amos Development Corporation, IBM, Chicago, Ill,

USA) was used to explore the possible causal links between N2O

emission flux and soil environmental variables and soil enzyme

activities under warming and reclamation. The indexes of the model

were chosen from soil environmental variables and soil enzyme

activities that were related to nitrification and denitrification. The

N2O flux under each treatment was the average of N2O flux in

August 2018 and July 2019. We selected the first component

(65.0%) of the results of PCA for the activity of AMO, HAO,

NXR, NOR and NOS to represent the enzyme activity. If the value

of the root mean square (RMESA) deviation was > 0.05, the indexes

and related pathways were altered until the value of RMESA was<

0.05, and the model with the lowest AIC value was selected as the

best model. Before all analysis, data were checked for normality and

homogeneity using F-test.
3 Results

3.1 Changes in soil N2O emission flux

Warming, reclamation, sampling day and their interactions

significantly affected the N2O emission flux for our experimental

areas (p<0.01, Table 2). Overall, the N2O flux for CK was lower than

that for the other treatments (Figure 3A). Warming significantly

increased N2O flux by 59.1% and 152.0% (p<0.01) and reclamation

significantly (p<0.01) increased the N2O flux by 28.4% and 142.4%

during growing and non-growing seasons, respectively compared

with CK. When compared with W, WR significantly (p<0.01)

increased N2O flux by 18.9% and 81.0% during growing and non-

growing seasons, respectively (Figure 3B).
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3.2 Changes in soil properties

Warming significantly (p<0.001) increased the soil TC and SOC

(Table 3), with the response ratio (r) values of 0.08 and 0.06,

respectively in the alpine meadow (Figure 4A). Reclamation

significantly (p<0.001) decreased the soil TC and SOC (Table 3)

with r values of -0.26 and -0.26, respectively in the absence of

warming (Figure 4B). Under warming, reclamation significantly

(p<0.001) decreased the soil TC and SOC, with r values of -0.41

and -0.37, respectively (Figure 4C). SoilNH+
4 − N and NO−

3N content

were also significantly (p<0.001) affected by warming (Table 3), with r

values of -0.17 and 0.43, respectively (Figure 4A). Compared with CK,

reclamation significantly (p<0.01) decreased the soil TN, NH+
4 − N

and NO−
3N content (Table 3) with r values of -0.07, -0.17 and -0.14,

respectively. Under warming, reclamation significantly (p<0.01 and

p<0.001) decreased the soil TN, NH+
4 − N and NO−

3N content with r

values of -0.18, -0.18 and -0.65, respectively (Figure 4C).
3.3 Changes in soil enzymatic activities

Compared with CK, W significantly (p<0.001) increased AMO,

HAO, NXR, NOR and NOS activities (Table 3) with r values of 0.17,

0.28, 0.20, 0.29 and 0.57, respectively (Figure 4A). Reclamation

significantly increased AMO, HAO, NXR, NOR and NOS activities

(Table 3) in the absence of warming with r values of 0.05 (p<0.01),

0.20 (p<0.001), 0.14 (p<0.01), 0.12 (p<0.05) and 0.21 (p<0.001),

respectively (Figure 4B). Under warming, reclamation significantly

increased AMO, HAO, NXR and NOR with r values of 0.13

(p<0.001), 0.25 (p<0.001), 0.13 (p<0.01) and 0.28 (p<0.001),

respectively (Figure 4C).
3.4 Factors affecting soil N2O emissions

In the natural alpine meadow, AMO and NXR activities were

not significantly correlated with N2O flux. In the cultivated

grassland, AMO, HAO, NXR, NOR and NOS activities were all

significantly (p<0.05) correlated with N2O flux. Moreover, after

reclamation, the N2O flux was more sensitive to the activity of

HAO (Figure 5).

Structural equation modeling indicated that warming and

reclamation did not directly affect the N2O emission flux. Warming

increased soil enzymatic activity (0.58) and decreased soil NH+
4 − N

content (-0.44) and soil moisture (-0.24). Reclamation increased the

soil enzymatic activity (0.19) and decreased soilNH+
4 − N (-0.44). Soil

enzymatic activity positively (0.74) affected the soil N2O flux but was

negatively (-0.28) affected by soil moisture. Soil NH+
4 − N promoted

enzymatic activity (0.27) while soil moisture (-0.33) was negatively

correlated to soil enzymatic activity (Figure 6A). The standardized

total effect of warming and reclamation on the N2O flux were 0.33

and 0.17, respectively (Figure 6B). Overall, the indirect effects of

warming and reclamation via changing soil NH+
4 − N content, soil

NO−
3N content, soil moisture and soil enzymatic activity explained

91.2% of the variance in N2O emission flux.
TABLE 2 Results (df, F and P) of repeated measures analysis of variances
(RMANOVA) for the separate and interactive effects of warming (W),
reclamation (R), sampling day (D) on soil N2O emission flux.

Model df F P

D 10 2244.33 <0.01

D×W 10 113.21 <0.01

D×R 10 122.97 <0.01

D×W×R 10 33.39 <0.01

W 1 1372.92 <0.01

R 1 815.41 <0.01

W×R 1 16.42 <0.01
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4 Discussion

4.1 Effects of warming and reclamation on
soil nutrients

Increasing temperatures can increase soil carbon and nitrogen

cycling in cold ecosystems and warming has increased soil C and N

content in the QTP terrestrial ecosystems (Chang et al., 2021; Huai

Chen et al., 2013). In our study, warming significantly increased soil

TC and SOC in the alpine meadow, which might be explained by

the increase of living fine root biomass and root exudation rates

under warming, thus promoting C input from root exudates C into

the soil (Liu et al., 2022; Wang Q. et al., 2021). Warming can

facilitate nitrification (Bai et al., 2013) and directly increase related

enzymatic activities by increasing soil temperature (Du et al., 2016).

We observed that warming significantly decreased soil NH+
4 − N

while increasing soil NO−
3N as well as AMO and HAO activities in

the alpine meadow (Figure 4A). However, our results were not

consistent with the general effects of warming on soil SOC and N

H+
4 − N . For an instance, previous studies thought the rough

balance of the increase of both plant input and soil microbial

respiration by warming led to the insignificant response of C, N

contents to the impacts of warming (Zhang et al., 2015). This

difference might be explained by discrepant plant and soil microbial

composition, even in similar ecosystem. The actual mechanism by

which warming affected soil C, N in the alpine meadow should be

further investigated.

Generally, conversion of alpine pastureland to artificial

grassland decreases soil C and N (Linsler et al., 2013). Firstly,

reclamation can destroy the soil macroaggregate (Liu et al., 2014)

that is critical to soil nutrient distribution and sequestration rates

(Kasper et al., 2009) thus causing the loss of soil C and N (Krol et al.,

2016; Zhang et al., 2021). Secondly, cultivation may lead to a loss of

soil organic matter in the surface soil layers due to the increase of

soil C and N mineralization under tillage (Busari et al., 2016). Our

results confirmed that compared with CK, there was a significant

decline of soil TC, SOC, TN,NH+
4 − N andNO−

3N after reclamation.
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4.2 Effects of warming and reclamation on
N2O flux

Soil N content serves as an important factor affecting soil N2O

emissions (Li et al., 2022b). We found that the content of soilNH+
4 −

N and not NO−
3N , was positively correlated with N2O flux. Previous

studies of relationships between soil N2O emission and soil

moisture have mixed results. A global meta-analysis indicated a

strong positive relationship between the effect sizes of N2O emission

and soil moisture (Li et al., 2020) although another study found no

significant correlation between soil moisture and N2O emission in

the alpine steppes of the QTP (Yang Y. et al., 2021). However, our

results demonstrated that soil moisture was negatively correlated to

enzymatic activities and N2O flux. This was most likely the result of

increased activity and abundance of nitrobacteria that resulted from

the modest decrease of soil moisture (Liu et al., 2017).

Reclamation also loosens the soil and enhances its total porosity

to increase soil oxygen content (Farahani et al., 2022) that could

promote nitrification (Wendeborn, 2020) leading to increased soil

N2O production. Significant increases of alpine meadow soil N2O

emissions have been documented following cultivation (Zhang

et al., 2017). This was consistent with our study results that

indicated reduced soil N2O fluxes for the control treatment than

that under reclamation (Figure 3). Accordingly, we observed the

positive effect of reclamation on enzymatic activity in the

model (Figure 6).

Agricultural land use can alter the resilience of the ecosystem

towards warming such as elevated N2O emissions demonstrated for

the Amazon (Lage Filho et al., 2022). We found a significant

interaction of warming and reclamation on N2O flux primarily

due to their interactions with soil moisture. Soil moisture in

cultivated grasslands is usually less than that in the natural

grassland (Ganjurjav et al., 2018) and it can be reduced further by

warming. We observed WR significantly decreased soil moisture

compared to W (Figure 4C). Therefore, the decrease of soil

moisture by the synergistic effect of warming and reclamation

might create suitable environmental conditions for nitrification to
A B

FIGURE 3

Soil N2O emission flux under warming and reclamation (A) during August 2018 and July 2019 and (B) different season. CK, control; W, warming; R,
reclamation; WR, warming under reclamation. Mean ± Standard error (n = 4) was shown in the figure. (*0.01< p< 0.05; **0.001< p< 0.01; ***p< 0.001).
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increase N2O emissions that also might serve as a primary

contributor for the AMO, and HAO activity increases we found

in our study. We confirmed that soil NH+
4 − N , moisture and

enzymatic activity were altered by warming and that reclamation

promoted nitrification and increased soil N2O flux.

Soil N2O is predominantly produced by microbial-mediated

nitrification and denitrification (Doltra et al., 2015). In alpine

meadows, soil N2O is primarily produced through nitrification

rather than denitrification in the growing season (Du et al., 2016;

Yan et al., 2018). In our study, the higher N2O emission flux under

warming and reclamation was primarily derived from the increase

of enzymatic activity related to nitrification. During the non-

growing season, denitrification is a primary N2O production

process because of snow cover and freezing-thawing can create an

anaerobic environment in topsoil (Priemé and Christensen, 2001;

Groffman et al., 2006; Risk et al., 2013). For instance, warming

massively increased N2O emissions (101.9%) during the non-

growing season in an alpine grassland of the Tianshan (Gong
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et al., 2021). Analogously, we found that warming significantly

increased the average N2O emission flux during non-growing

season in both ambient and reclamation conditions (Figure 3).

This may be due to the increased denitrification enzymatic activities

and soil nitrogen mineralization rates (Contosta et al., 2011).

However, we did not measure soil properties and related

enzymatic activities during the off-growing season. The

mechanism for soil N2O flux response to warming and

reclamation during the non-growing season still needs

further investigation.
4.3 Uncertainties and implications

The primary uncertainty for our experimental design was in the

warming chamber since temperature as well as evapotranspiration

and gas exchange can be altered in open-top chambers. The rain

sheltering effect resulted in lower levels of precipitation reaching the
A B

C

FIGURE 4

Response ratio (r) of soil properties and enzymatic activities under each treatment. (A) warming in natural grassland: shows the difference between CK
and W, (B) reclamation without warming: shows the difference between CK and R, (C) reclamation under warming: shows the difference between W and
WR. “*” indicates p < 0.05, “**” indicates p < 0.01, and “***” indicates p < 0.001. TC: soil total carbon, SOC: soil dissolved carbon concentration, TN: soil
total nitrogen, DON: soil dissolved organic nitrogen, NH4+-N: soil ammonium concentration, NO3– N: soil nitrate concentration, Temp: soil
temperature, Moist: soil volumetric moisture, KAMO: enzymatic activity of AMO, KHAO: enzymatic activity of HAO, KNXR: enzymatic activity of NXR,
KNOR: enzymatic activity of NOR, KNOS: enzymatic activity of NOS.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1162160
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Li et al. 10.3389/fpls.2023.1162160
warming chambers than for the ambient temperature chambers and

could directly affect soil N2O flux in the chambers. Nevertheless, the

above-mentioned methods are acceptable because warming

chambers have been widely used in grassland ecosystems to

simulate warming (Chen et al., 2016; Zhao et al., 2017).

Moreover, we have a tiny database and are unable to undertake
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automated continuous measurement of soil N2O flow in warming

chambers. It makes it difficult to draw firm conclusions for

complete alpine meadow ecosystems on the QTP.

Our results can provide insights for future research and

grassland management as follows: (1) despite the increase of

enzymatic activities by reclamation and warming, the question of
A B

D

E

C

FIGURE 5

Linear regression between N2O emission flux and enzymatic activity of AMO (A), HAO (B), NXR (C), NOR (D) and NOS (E) (KAMO, KHAO, KNXR,
KNOR, KNOS) in natural alpine meadow (blue dot and line) and cultivated grassland (orange square and line). Solid line indicates p< 0.05 and dotted
line indicates p > 0.05.
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whether more soil N will be lost as N2O or be incorporated by plants

requires the isotope tracer technique for an answer; (2) it is

necessary to study the mechanism by which reclamation and

warming increase the soil N2O flux during non-growing season;

(3) in response to a warming climate, no-tillage seeding may be a

better way to improve the productivity of the grassland in alpine

meadows due to increased N2O flux by reclamation in

cultivated grasslands.
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5 Conclusions

We conducted a long-term manipulative warming experiment

in an alpine meadow and a farmed grassland on the QTP and

found that both warming and reclamation increased the N2O

emission flux during both the vegetation seasons and off-growing

seasons. Reclamation intensified the positive effects of warming on

N2O flux, due to their interaction on the decrease of soil moisture
A B

FIGURE 6

Direct and indirect effects of warming (W) and reclamation (R) on N2O emission flux (A). W, warming; R, reclamation, NH+
4 − N: soil ammonium

concentration, NO−
3N: soil nitrate concentration, Moist: soil volumetric moisture, enzymatic activity: the first principal component of PCA analysis for

the activities of AMO, HAO, NXR, NOR and NOS. The arrows’ numbers correspond to path coefficients. Beneficial and detrimental correlations are
denoted by blue and red arrows, respectively. At the bottom right of boxes, the related R square in the model were displayed. “*” tells p< 0.05, “**”
tells p< 0.01, and “***” tells p< 0.001. Standardized total effects (B) were showed to evaluate the effects of W, R, Moist, NH+

4 − N, NO−
3N and

enzymatic activity on N2O flux in the model, and the plus or minus of these values represented their positive or negative effects respectively on N2O
flux. The information presented here includes all data gathered throughout treatments and years (n = 32).
TABLE 3 Results (df, F and P) of two-way analysis of variances (ANOVA) for the separate and interactive effects of warming (W) and reclamation
effects on soil total carbon (TC), soil dissolved carbon concentration (SOC), soil total nitrogen (TN), soil dissolved organic nitrogen (DON), soil
ammonium concentration ( NH+

4 N), soil nitrate concentration ( NO3N), and the enzymatic activity of AMO, HAO, NXR, NOR and NOS (KAMO, KHAO,
KNXR, KNOR, KNOS).

Factors W R W×R

Year 2018 2019 2018 2019 2018 2019

variables df F P F P F P F p F P F P

TC 1 78.56 <0.001 371.92 <0.001 1350.5 <0.001 2011.1 <0.001 1.95 0.188 549.52 <0.001

SOC 1 61.07 <0.001 135.91 <0.001 1026.8 <0.001 930.83 <0.001 6.21 0.028 214.27 <0.001

TN 1 114.25 <0.001 28.17 <0.001 32.11 <0.001 18.41 0.001 7.19 0.020 28.17 <0.001

DON 1 0.08 0.786 11.04 0.006 0.33 0.575 0.42 0.528 1.22 0.292 1.09 0.317

NH+
4 − N 1 70.47 <0.001 258.54 <0.001 99.26 <0.001 216.76 <0.001 3.21 0.098 20.25 0.001

NO−
3N 1 425.81 <0.001 92.02 <0.001 841.17 <0.001 617.48 <0.001 479.7 <0.001 245.53 <0.001

KAMO 1 426.65 <0.001 115.41 <0.001 87.22 <0.001 22.66 <0.001 46.621 <0.001 0.03 0.857

KHAO 1 107.09 <0.001 347.83 <0.001 41.77 <0.001 243.12 <0.001 26.579 <0.001 0.01 0.909

KNXR 1 104.61 <0.001 35.55 <0.001 105.46 <0.001 1.66 0.222 0.077 0.786 0.13 0.729

KNOR 1 298.19 <0.001 202.79 <0.001 108.96 <0.001 61.49 <0.001 21.039 0.001 30.99 <0.001

KNOS 1 144.37 <0.001 462.15 <0.001 12.56 0.004 8.26 0.014 23.432 <0.001 0.05 0.825
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to increase ammonia monooxygenase and hydroxylamine

oxidoreductase activities. However, warming, reclamation and

their interactions on N2O flux during non-growing season still

needs further investigation. Our results suggest that future

research should pay more attention to N2O emissions from

cultivated grasslands and the cultivated grassland in alpine

meadow should be scientifically projected to better adapt to a

warming climate.
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4School of Water Conservancy and Hydropower, Hebei University of Engineering, Handan, China
The leaf maximum rate of carboxylation (Vcmax) is a key parameter of plant

photosynthetic capacity. The accurate estimation of Vcmax is crucial for correctly

predicting the carbon flux in the terrestrial carbon cycle. Vcmax is correlated with

plant traits including leaf nitrogen (Narea) and leaf photosynthetic pigments.

Proxies for leaf chlorophyll (Chlarea) and carotenoid contents (Cararea) need to

be explored in different ecosystems. In this study, we evaluated the relationship

between leaf maximum rate of carboxylation (scaled to 25°C; Vcmax25) and both

leaf Narea and photosynthetic pigments (Chlarea and Cararea) in winter wheat in a

farmland ecosystem. Our results showed that Vcmax25 followed the same trends

as leaf Chlarea. However, leaf Narea showed smaller dynamic changes before the

flowering stage, and there were smaller seasonal variations in leaf Cararea. The

correlation between leaf Vcmax25 and leaf Chlarea was the strongest, followed by

leaf Cararea and leaf Narea (R
2 = 0.69, R2 = 0.47 and R2 = 0.36, respectively). The

random forest regression analysis also showed that leaf Chlarea and leaf Cararea
were more important than leaf Narea for Vcmax25. The correlation between leaf

Vcmax25 and Narea can be weaker since nitrogen allocation is dynamic. The

estimation accuracy of the Vcmax25 model based on Narea, Chlarea, and Cararea
(R2 = 0.75) was only 0.05 higher than that of the Vcmax25 model based on Chlarea
and Cararea (R

2 = 0.70). However, the estimation accuracy of the Vcmax25 model

based on Chlarea and Cararea (R
2 = 0.70) was 0.34 higher than that of the Vcmax25

model based on Narea (R
2 = 0.36). These results highlight that leaf photosynthetic

pigments can be a predictor for estimating Vcmax25, expanding a new way to

estimate spatially continuous Vcmax25 on a regional scale, and to improve model

simulation accuracy.

KEYWORDS

leaf chlorophyll content, leaf carotenoid content, leaf nitrogen content, maximum rate
of carboxylation, photosynthetic capacity
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1 Introduction

Farmland ecosystems play an important role in the carbon cycle

of terrestrial ecosystems (Robertson et al., 2000). However, the

carbon flux of farmland ecosystems is one of the main uncertainties

in global terrestrial carbon cycle research and is significantly

affected by human activities (Lal, 2001; Bondeau et al., 2007;

Taylor et al., 2013). High-quality simulations of the carbon

budget of farmland ecosystems are beneficial for future

projections of climate change and crop yield (Houborg et al.,

2015; Bonan and Doney, 2018). Process-based terrestrial

biosphere models (TBMs) are effective tools for estimating

changes in the ecosystem carbon budget. However, currently

there is still significant uncertainty in simulating the impact of

climate change on terrestrial carbon flux (Smith and Dukes, 2012;

Anav et al., 2015; Li et al., 2018a). Approximately 90% of carbon

and water fluxes in biosphere and atmospheric occur through

photosynthesis, and the photosynthetic module is an important

part of TBMs (Zhu et al., 2016). Photosynthetic rate is a primary

source of uncertainty in terrestrial carbon dynamic modelling

because of the lack of in-depth research on photosynthesis and

field observation data (Dietze, 2014).

To simulate photosynthetic rate, most TBMs used a kinetic

enzyme model based on Farquhar–von Caemmerer–Berry (FvCB)

(Farquhar et al., 1980; Jin et al., 2023). The maximum rate of

carboxylation (Vcmax) and the maximum rate of electron transport

(Jmax) are two key photosynthetic parameters in FvCB model. Vcmax

represents the maximum rate of Ribulose‐1,5‐Bisphosphate (RuBP)

carboxylation catalyzed by Rubisco (ribulose 1,5-bisphosphate

carboxylase/oxygenase) enzyme (Quebbeman and Ramirez, 2016).

Jmax is the rate of RuBP regeneration through the electron transport

chain (Voncaemmerer and Farquhar, 1981; Sharkey et al., 2007). In

process-based models, Vcmax plays a critical role in constraining

photosynthetic rates (Lebauer et al., 2013). Previously, Vcmax was

assumed to be a fixed value (at the temperature of 25°C; Vcmax25),

which varied with plant functional type (PFT) in process-based

models (Houborg et al., 2013; Zhang et al., 2014). Nonetheless,

there are seasonal variations for Vcmax25 (Grassi et al., 2005;

Medvigy et al., 2013; Alton, 2017; Croft et al., 2017). Even for the

same PFT, the difference between species is great (Dillen et al., 2012;

Croft et al., 2017). Previous studies have typically used leaf nitrogen

content (N) to model the photosynthetic capacity to incorporate

spatiotemporal changes in Vcmax25 (Kattge et al., 2009; Walker et al.,

2014). However, it is not possible to accurately retrieve leaf nitrogen

content based on remote sensing data (Knyazikhin et al., 2013).

Additionally, a relationship between leaf N and Vcmax25 cannot be

applied at large scales or to different PFTs because Rubisco-N, rather

than total leaf nitrogen (photosynthetic and nonphotosynthetic

nitrogen pools), is more related to Vcmax25 (Croft et al., 2017;

Onoda et al., 2017; Effah et al., 2023). Nonphotosynthetic N pools

can complicate the relationships between leaf Vcmax25 and leaf N.

In recent years, leaf chlorophyll content has been retrieved

relatively accurately via remote sensing (Croft et al., 2013), which

plays a crucial role in capturing light energy to drive photosynthetic

reactions (Yang et al., 2014; Croft et al., 2020; Huang et al., 2023).
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Leaf chlorophyll can effectively eliminate the influence of

nonphotosynthetic N, which refers to changes in the

photosynthetic active N pool (Croft et al., 2017). Leaf chlorophyll

contents have been adopted to represent photosynthetic capacity in

some studies (Houborg et al., 2015; Croft et al., 2017). In farmland

ecosystems, Houborg et al. (2013) adopted an intermediate variable

(leaf N) to demonstrate a semi- empirical relationship between the

leaf Vcmax25 and chlorophyll content. In temperate deciduous

forests, Croft et al. (2017) found a direct correlation between

leafVcmax25 and leaf Chlarea. Luo et al. (2018) incorporated Chlleaf
into terrestrial biosphere models to constrain Vcmax25 based on the

relationship between Vcmax25 and Chlleaf from the work of Croft

et al. (2017), and improved the temporal correlations between the

measured and the estimated fluxes in a temperate deciduous forest.

Strong correlations between the field-measured leaf chlorophyll

content and Vcmax25 have been reported in various PFTs (Qian

et al., 2019; Lu et al., 2020; Wang et al., 2020; Qian et al., 2021; Lu

et al., 2022; Liu et al., 2023b). Recent studies have found that leaf

carotenoid, another major photosynthetic pigment, can improve

the estimation precision for Vcmax25 based on leaf Chlarea. Leaf

carotenoid content increases the capability of phenological

monitoring, particularly in areas where seasonal variations in leaf

chlorophyll content are not obvious (Wong et al., 2019). The

functional relationship between the photosynthetic pigments

(chlorophyll and carotenoid) and Vcmax25 plays an important role

in regional model simulations (Croft and Chen, 2018; Luo et al.,

2018; Luo et al., 2019). Therefore, leaf chlorophyll and carotenoid

contents should be incorporated into the Vcmax25 model to improve

the accuracy of TBMs in simulating C dynamics (Luo et al., 2019).

However, the relationships between leaf pigment content (especially

leaf carotenoid content) and Vcmax25are still unclear. A large-scale

spatial mapping of Vcmax25 requires understanding how these

relationships change in different PFTs.

In this study, we estimated the relationships between Vcmax25

with leaf nitrogen and leaf pigments (chlorophyll and carotenoid) in

a farmland ecosystem. Photosynthesis response curves, leaf

nitrogen and leaf pigment content (chlorophyll and carotenoid

contents) were observed at Yucheng (YC) Ecological Station during

the 2021. We also investigated the correlations between Vcmax25

with leaf nitrogen, chlorophyll and carotenoid contents in a

farmland ecosystem. We also analyzed the relationships among

these driving variables associated with Vcmax25 and assessed their

relative importance.
2 Materials and methods

2.1 Field site description

We carried out field experiments in Yucheng, Shandong

Province, China (36°57′ N,116°38′ E). The station is a wheat

producing area in China, which located in a warm temperate

zone. The annual average temperature and precipitation are

13.1°C and 610 mm, respectively. The average temperature in

January is -3°C, and the average temperature in July is 26.9°C.
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Precipitation occurs mainly from June to August, accounting for

69.1% of the total annual precipitation and shows a pattern of

spring drought and summer floods (Zhu et al., 2020). The tidal soil

is the main soil type in this area. The PH value is 8.0 and the soil

organic matter content is 15.0 g kg-1. Mass fraction of soil total

nitrogen is 0.64 g kg-1 (Hga et al., 2020).
2.2 Measurements of CO2 response curve

Leaf gas exchange in winter wheat was measured in a 10 × 10m

subset area within a larger field. We conducted winter wheat

observation experiment from day of the year (DOY) 92 (April 2)

to 147 (May 27) in 2021. Leaf samples were randomly selected

approximately once every seven days (Table 1). Three to four winter

wheat leaf samples were collected weekly during the 2021 growing

season. The CO2 response curves for leaves in winter wheat were

measured by a portable gas‐exchange system (Li 6400; Li‐Cor, Inc.,

Lincoln, NE, USA).

CO2 response curves were observed under saturated light

conditions. It took about 40 minutes to observe CO2 response

curves. Adjust the photosynthetic photon flux density (PPFD) to

1,500 mmol m−2 s−1 (saturated light). The flow rate was maintained

at 500 mmol s-1, and the relative humidity was set in the range of

40–80% during the measurement period. The air CO2

concentrations (Ca) gradients are 380, 300, 200, 100, 50, 380, 600,

800, 1,000, and 1,200 mmol CO2 mol−1 air. Leaf samples were

acclimated in a 2 × 3 cm2 leaf cuvette for 20 min at a temperature of

25°C and a CO2 concentration of 380 mmol CO2 mol−1 before

measuring CO2 response curves. Vcmax and Jmax values were

estimated by an Excel tool (www.landflux.org/Tools.php) (Ethier

and Livingston, 2004). Arrhenius equation (Equation 1 and Table 2)

was used in our study to normalize Vcmax and Jmax to Vcmax25 and

Jmax25 (Sharkey et al., 2007; Sharkey, 2016). The net photosynthetic

rate (Asat) was recorded at a PPFD of 1,500 mmol m−2 s−1 and a CO2

concentration of 380 µmol mol-1.

f (Tk)¼ k25expðc-DHa=RTkÞ (1)
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where k25 and f(Tk) were, respectively, the values at 25°C and leaf

surface temperature. c was a scaling constant (Table 2). DHa referred

to the activation energy. R was the molar gas constant (0.008314 kJ

mol-1 K-1). Tk represented the absolute leaf temperature.
2.3 Leaf biochemistry measurements

We conducted leaf biochemical analyses (leaf nitrogen content,

Narea; leaf chlorophyll content, Chlarea; and leaf carotenoid content,

Cararea) on the same day as leaf A/Ci curves observations. The leaves

of winter wheat were sampled from the same locations as for the A/

Ci curves observations. For leaf photosynthetic pigment

(chlorophyll and carotenoid) and nitrogen analyses, leaf samples

were immediately packed in paper bags and were sent to chemistry

laboratory. Fresh leaf weight was also recorded in chemistry

laboratory. The leaf photosynthetic pigments were extracted using

95% ethanol. A Shimadzu UV-2600 spectrophotometer was used to

calculate both leaf chlorophyll and carotenoid contents by

measuring the absorbance at 665, 649, and 470 nm (Fargasova

and Molnarova, 2010). We used the same leaves as those measured

to determine the leaf photosynthetic pigments to calculate leaf

nitrogen content. Dry the leaf samples at 80°C for 48 hours until

a constant weight. Specific leaf area (SLA) was determined by leaf

dry weights and leaf area. We ground the dried leaves into powder

by a mixer mill (MM400, RETSCH, Germany). A Vario MAX CN

elemental analyzer (Elementar Analyzer system, Hanau, Germany)

was used to record leaf nitrogen content.

Fractions of leaf N allocated to photosynthetic components, i.e.,

active Rubisco (PR), bioenergetics pools (PB) and light-harvesting

components (PL), were determined based on Vcmax, Jmax and leaf

chlorophyll content, according to the equations reported by

Niinemets and Tenhunen (1997).

PR =
Vcmax

6:25� Vcr �MA � Nmass
(2)

PB =
Jmax

8:06� Jmc �MA � Nmass
(3)

PL =
CC

CB �Nmass
(4)

where MA referred to dry leaf mass per unit area (g m-2). Cc was

leaf chlorophyll content (mmol g-1). Nmass represented nitrogen

content per dry leaf mass (g g-1). The CB value was 2.15 mmol g-1.

The values of Vcr and Jmc were 20.5 µmol CO2 (g Rubisco)
-1 s-1 and
TABLE 1 Leaf measurements stages and sample sizes of winter wheat at
YC site in 2021.

Measurement DOY Sample sizes Growing stages

92 (April 2) 4 Elongation stage (≤95)

96 (April 6) 4 Booting stage (≤117)

105 (April 15) 3 Booting stage (≤117)

119 (April 29) 3 Flowering stage (≤131)

126 (May 6) 3 Flowering stage (≤131)

133 (May 13) 4 Filling stage (≤161)

140 (May 20) 4 Filling stage (≤161)

147 (May 27) 4 Filling stage (≤161)
TABLE 2 Parameters values referring to the temperature responses of
leaf photosynthetic capacity.

Parameter Value at 25°C c DHa

Vcmax 1 26.355 65.33

J 1 17.710 43.90
frontier
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156 µmol electrons (µmol cyt f)-1 s-1 at the temperature of 25°C,

respectively (Niinemets et al., 1998).
2.4 Data analysis

In the correlation analyses, we used Pearson’s correlation

coefficients to demonstrate the linear correlation strength between

two variables. Pearson correlation coefficient, also known as the

Pearson product-moment correlation coefficient, is represented by

R in this paper. The following function was used to calculate R:

R ¼ on
i=1(x − �x)(y − �y)ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

on
i=1(x − �x)2(y − �y)2

q (5)

where n is the sample size, and R is between -1 and +1. The larger

the absolute value of R, the stronger the correlation. There may be a

positive (R>0) or negative (R<0) correlation between two variables.

The relationships between leaf nitrogen content and leaf

photosynthetic pigments (chlorophyll and carotenoid contents) were

evaluated by simple linear regressions. We used the statistical package

in Origin Pro 9.0 to conduct simple linear regressions. Analysis of

variance (ANOVA) was adopted to evaluate the significance of the

regression equations. The statistical significance of tests was set at 0.05.

The prediction variables, leading to changes in Vcmax25, included leaf

nitrogen, chlorophyll, carotenoid, and SLA.We adopted random forest

regression analysis (Breiman, 2001) to discern the amount of changes

in Vcmax25. The relative importance of each predictor was evaluated by

random forest regression analysis (Delgado-Baquerizo et al., 2017),

which can resolve the multicollinearity problems between prediction

variables. The percentage increase in the mean square error (%

IncMSE) indicates the influence of replacing a predictor with a

random variable on the predicted outcome, which represents the

effect of predictors on the dependent variable. the original variable

was more important when the random variable changed the original

variance significantly.Therefore, the higher the %IncMSEof predictor,

the more importance it is. Random forest package (randomForest) in R

was used in our study to perform the random forest regression (http://

www.r-project.org/). Multiple linear regression models were

constructed to explore the effects of leaf nitrogen and photosynthetic

pigments (chlorophyll and carotenoid) on variations in Vcmax25. The

performances of the Vcmax25 models were estimated using the

coefficient of determination (R2) between different leaf trait variables.

We used SPSS® version 17.0 (SPSS Inc. Chicago, IL, USA) to perform

multiple linear regression analysis in our study.
3 Results

3.1 Seasonal variations in leaf
photosynthetic parameters and
biochemical parameters

Winter wheat showed large temporal variations in leaf

photosynthetic rate and Vcmax25 in 2021. At the elongation and

booting stages, the leaf Asat and Vcmax25 increased gradually before
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the flowering stage (on average, 42% and 62% higher on DOY 126 than

on DOY 92, respectively), reaching a peak of 28.63 mmol m-2 s-1 and

133.46 mmol m-2 s-1, respectively, at the flowering stage. Asat and

Vcmax25 then declined rapidly during the filling stage (on average, 79%

and 190% lower on DOY 147 than on DOY 126, respectively)

(Figures 1A, C). Temporal variations in leaf Jmax25 and Vcmax25 were

consistent (Figure 1C). Leaf chlorophyll content had a similar temporal

variation to Vcmax25, which gradually reached its peak at the flowering

stage (on average, 68% higher on DOY 126 than on DOY 92) and

rapidly declined at the filling stage (on average, 99% lower on DOY 147

than on DOY 126) (Figure 1B). Leaf Asat and photosynthetic

parameters appeared to follow the trends of leaf chlorophyll content.

However, there were some differences in the seasonal patterns of leaf

chlorophyll, nitrogen, and carotenoid contents. Leaf nitrogen content

showed smaller dynamic changes before the flowering stage than leaf

Chlarea (on average, 26% higher on DOY 126 than on DOY 92) and

then declined rapidly at the late stage (on average, 83% lower on DOY

147 than on DOY 126) (Figure 1A). The peak value of leaf Cararea was,

on average, 48% higher than that of Cararea on DOY 92. There were

minor changes in leaf Cararea after the flowering stage (on average, 33%

lower on DOY 147 than on DOY 126) (Figure 1B). Therefore, smaller

seasonal changes were showed in leaf Cararea compared to leaf Chlarea
in winter wheat, particularly after the flowering stage.
3.2 Correlation of leaf photosynthetic
parameters and leaf traits variables

There were positive correlations between the leaf photosynthetic

parameters (Asat, Vcmax25, and Jmax25) and leaf trait variables (Narea,

Chlarea, and Cararea) (Figure 2). The correlation coefficient between

leaf Vcmax25 and leaf Chlarea was the highest (0.83), followed by leaf

Cararea (0.68) and leaf Narea (0.60), all of which showed significant

linear positive correlations (p<0.001) (Figure 2). The correlations

between Leaf Jmax25 were also significantly correlated with leaf traits

variables (Narea, Chlarea, Cararea), with correlation coefficients of 0.55

(p<0.01), 0.79 (p<0.001), and 0.70 (p<0.001), respectively.

Correlations were also observed between the three leaf trait

variables (Figure 2).

Simple linear regressions were conducted between leaf

photosynthetic capacity with leaf nitrogen content, and leaf

photosynthetic pigments (Table 3). The resultsindicated that leaf

Chlarea accounted for 69% and 63% of the temporal variation in

Vcmax25 and Jmax25, respectively (p<0.001). Leaf Cararea accounted

for 47% and 48% of the temporal variation in Vcmax25 and Jmax25,

respectively (p<0.001). However, there was a weak relationship

between leaf Narea and leaf photosynthetic capacity. Leaf Narea

accounted for only 36% and 30% of the temporal variation in

Vcmax25 and Jmax25, respectively (p<0.001) (Table 3). There were

certain limitations to estimating Vcmax25 based on leaf Narea.
3.3 Changes in leaf nitrogen allocation

The ratios between leaf Chlarea and Narea indicate the allocation

of leaf nitrogen between the Rubisco and leaf chlorophyll
frontiersin.org
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components (Kenzo et al., 2006). There was little seasonal variation

in the ratios between leaf Chlarea to Narea (both units are mg cm-2)

after DOY 105 in 2021 (Figure 3A). The leaf Chlarea/Narea ratios

showed a rapidly increasing trend at the beginning stage (DOY 92

and DOY 96). The ratios were 0.23 and 0.32 at DOY 92 and 96,

respectively. Leaf Chlarea/Narea ratios were maintained at

approximately 0.36 from DOY 105 to DOY 147 (Figure 3A).

PR, PB, and PL showed seasonal patterns that first increased and

then decreased (Figures 3B–D). The growing stage at which leaf PB
reached its highest point in winter wheat differed from that of PR
and PL. Temporal variations in leaf PR and PL were coordinated,
Frontiers in Plant Science 052221
reaching their highest points at the flowering stage. In general,

changes in leaf N allocation to different N pools were dynamic

(Figures 3B–D), which may have led to a weak correlation between

leaf nitrogen and Vcmax25 (Table 3).
3.4 Relationships among leaf nitrogen,
chlorophyll and carotenoid contents

A significant linear relationship between leaf nitrogen and leaf

chlorophyll contents (R2 = 0.90, p<0.001) was observed in our study.
B

C

A

FIGURE 1

Seasonal changes in (A) photosynthetic rate and nitrogen content, (B) leaf chlorophyll and leaf carotenoid contents, and (C) Vcmax25 and Jmax25 for
winter wheat in 2021.
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The observations on DOYs 92 and 96 were outside the 95%

confidence intervals of the regression (Figure 4A), which may be

attributed to the significant variations in nitrogen allocation to the

leaf chlorophyll fractions on these two days (Figure 3A). Leaf Chlarea
was also strongly correlated with Cararea (R2 = 0.71, p=0.005)

(Figure 4B). However, a weaker relationship between leaf Narea and

Cararea was observed (R2 = 0.43, p=0.05) in winter wheat in

2021 (Figure 4C).
3.5 The importance of each prediction
variable to Vcmax25

We used a random forest regression analysis to evaluate the

relative importance of each prediction variable for Vcmax25. Leaf

Cararea, Chlarea, and leaf Narea were all main prediction variables for
Frontiers in Plant Science 062322
Vcmax25 in our study (Figure 5). Leaf Chlarea (%IncMSE = 22.60%)

was the most important driver of Vcmax25, followed by leaf Cararea
(%IncMSE was 21.47%), and leaf Narea (%IncMSE = 19.08%). The

importance of SLA (%IncMSE = 15.66%) to Vcmax25 was far below

the importance of leaf photosynthetic pigment and nitrogen

content (Figure 5).
3.6 Optimization of Vcmax25 model by
multiple regression models

Multiple linear regression models were established to

improve the accuracy of the Vcmax25 models using leaf Narea,

Chlarea, and Cararea (Equations 6-9). The estimation accuracies of

the binary linear regression models for Vcmax25 (R
2 = 0.72, 0.70,

and 0.69, respectively, for f(Narea, Chlarea), f(Chlarea, Cararea), and
FIGURE 2

Correlation between both leaf photosynthetic rate and leaf photosynthetic capacity with different leaf traits variables. ***, ** and * represent p<
0.001, p< 0.01and p< 0.05, respectively. The caption describes all significant situations of correlation between parameters, including significant
correlation (*) and extremely significant correlation (** and ***). The results in Figure 2 showed that the parameters were highly correlated (** and
***) or uncorrelated.
TABLE 3 Coefficients of determination for simple linear regressions between photosynthetic parameters with both leaf nitrogen and leaf
photosynthetic pigment during 2021.

Narea Chlarea Cararea

R2 p R2 p R2 p

Vcmax25 0.36 *** 0.69 *** 0.47 ***

Jmax25 0.30 *** 0.63 *** 0.48 ***
frontiersin
The caption describes all significant situations of correlation between parameters, including significant correlation (*) and extremely significant correlation (** and ***). The results in Table 3
showed that the parameters were highly correlated (***). ***, ** and * represent p< 0.001, p< 0.01and p< 0.05, respectively.
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f(Narea, Cararea)) were all significantly higher than those of the

two simple linear regression models for f(Narea) and f(Cararea)
(R2 = 0.36 and 0.47, respectively) in our study (Tables 3, 4).

However, the estimation accuracy of the simple linear regression

models for f(Chlarea) (R
2 = 0.69) was not significantly different

from that of the binary linear regression models (Tables 3, 4).

The model based on leaf Narea, Chlarea, and Cararea had the

highest accuracy in estimating Vcmax25 (R2 = 0.75, p<0.001),

which was only 0.06 higher than that of the simple linear

regression models for f(Chlarea) (R
2 = 0.69) (Tables 3, 4). Thus,
Frontiers in Plant Science 072423
leaf Chlarea was a better predictor for Vcmax25 than leaf Narea in

winter wheat at the YC site (Tables 3, 4). Incorporating leaf

photosynthetic pigments (chlorophyll and carotenoid content)

into photosynthetic models can significantly improve the

estimation accuracy of Vcmax25 model based on leaf nitrogen

for winter wheat.

Vcmax25 = 15:17Narea + 1:99Chlarea � 34:43 (6)

Vcmax25 = 1:99Chlarea + 3:13Cararea � 43:51 (7)
B

C

D

A

FIGURE 3

Seasonal patterns in (A) leaf Chlarea to Narea ratios, (B) PR, (C) PB, and (D) PL, ± SD, in 2021.
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B CA

FIGURE 4

Relationships between (A) leaf nitrogen and chlorophyll contents, (B) leaf nitrogen and carotenoid contents, (C) leaf carotenoid and chlorophyll
contents in 2021. Horizontal error bars denote standard deviation of leaf chlorophyll and leaf carotenoid. Vertical error bars refer to standard
deviation of leaf nitrogen and leaf carotenoid.
FIGURE 5

The importance of leaf Cararea, leaf Chlarea, leaf Narea, and SLA to Vcmax25 in 2021.
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Vcmax25 = 37:48Narea + 12:68Cararea � 98:92 (8)

Vcmax25 = 22:30Narea + 1:26Chlarea + 6:18Cararea � 71:99 (9)
4 Discussion

4.1 Differences in seasonal trends of
photosynthetic parameters

In our study, leaf Asat and photosynthetic parameters appeared

to follow trends in leaf chlorophyll content. However, there were

some differences in the seasonal patterns of leaf chlorophyll,

nitrogen, and carotenoid contents. Leaf Narea was relatively high

at the elongation stage relative to leaf Chlarea (Figures 1A, B), which

may be attributed to the inorganic nitrogen present in buds before

leaf flushing. The different trends in leaf nitrogen and leaf

chlorophyll maybe attributed to dynamic changes in leaf nitrogen

partitioning among photosynthetic pools (Croft et al., 2017; Liu

et al., 2023a). Fertilization management can also maintain high leaf

nitrogen content at the start of season (Lu et al., 2020). Leaf Cararea
showed smaller seasonal variations compared to leaf Chlarea in

winter wheat, particularly after the flowering stage (Figure 1B). As

there is massive loss of leaf chlorophyll in winter wheat during

senescence in the filling stage, carotenoids are retained in the leaves

for a much longer time (Wong et al., 2019). In the early growth

stage, the leaf Chlarea is higher than the leaf Cararea. The leaves

appear green because green light is almost completely reflected. In

the late stage, leaf chlorophyll is heavily damaged, but leaf

carotenoids are only slightly affected, causing the leaves to turn

yellow (Stylinski et al., 2002; Garrity et al., 2011). Flowering stage is

an important physiological stage for winter wheat, since all the

photosynthetic parameters have inflection point in this period. The

results are consistent with Lu et al. (2020). The temperature rises

gradually after the greening period. At this period, plant root is

vigorous, enzyme activity and plant photosynthetic capacity

increases. Thus, leaf photosynthetic parameters increase gradually

and reach the maximum point at the flowering stage. The

reproductive growth of winter wheat is dominant after flowering

stage. Leaf and other vegetative organs gradually stop growing and

aging. Therefore, leaf photosynthetic parameters decrease gradually

(Yang et al., 2020).
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4.2 Relationships among leaf Vcmax25,
nitrogen and photosynthetic pigments

Leaf nitrogen was closely correlated with leaf chlorophyll in

previous studies, with a fixed value of leaf Chlarea/Narea ratio (Sage

et al., 1987; Evans, 1989; Houborg et al., 2013). Our results also

showed a strong linear relationship between leaf Chlarea and Narea

(R2 = 0.90; p< 0.001) (Figure 3A). The robustness of the linear

correlation between leaf nitrogen and chlorophyll contents was

influenced by changes in leaf nitrogen allocation to chlorophyll (Lu

et al., 2020). A relatively stable allocation of leaf nitrogen to leaf

chlorophyll (Chlarea/Narea ratio of approximately 0.36) was found in

our study for winter wheat (Figure 4A), which contributed to a good

linear relationship between leaf Chlarea and Narea (Figure 3A).

Vcmax25 was closely related to leaf Narea, leaf Chlarea, and SLA in

previous studies (Houborg et al., 2013; Houborg et al., 2015; Croft

et al., 2017; Watanabe et al., 2018; Miner and Bauerle, 2019; Qian

et al., 2021; Lu et al., 2022). However, the results are inconsistent in

different studies, indicating that these relationships vary among

species and are difficult to apply at large scales. Qian et al. (2021)

showed a stronger linear relationship between Vcmax25 and Chlarea
than between leaf Vcmax25 and Narea across 13 species. In other

ecosystems, a strong relationship exists between leaf Vcmax25 and

Narea and the slopes vary among species (Walker et al., 2014;

Quebbeman and Ramirez, 2016). However, the slopes of the

relationship in Narea‐Vcmax25 varies greatly with environmental

conditions and PFTs (Walker et al., 2014; Rogers et al., 2017). A

weaker correlation between leaf Vcmax25 and leaf Narea than between

leaf Vcmax25 and Chlarea were showed in our study (Figure 2;

Table 3), which is in agreement with Qian et al. (2021). Rubisco-

N allocation (PR), rather than the total leaf nitrogen content, was

more related to Vcmax based on the meta-analysis (Ali et al., 2015).

PR showed significant seasonal variation during the growing season

in our study (Figure 4B). The weak correlation between leaf Narea

and Vcmax25 may also be attributed to variations in PR (Figures 2,

4B; Table 3). Therefore, leaf Narea is not an ideal predictor for

Vcmax25 in the present study. The temporal variations in leaf PL
coordinated with changes in PR, which indicated that the allocation

of leaf nitrogen to leaf carotenoids was dynamic. Consequently, A

weak correlation between the leaf Narea and leaf Cararea for winter

wheat area was showed in our study (Figure 3B).
4.3 Physiological mechanism for the
relationships between leaf photosynthetic
pigments and Vcmax25

Our results showed a stronger correlation between Vcmax25 with

both leaf Chlarea (R
2 = 0.69) and Cararea (R

2 = 0.47) than with leaf Narea

(R2 = 0.36) (Figure 2; Table 3). Leaf photosynthetic pigments are a

better predictor for Vcmax25 in winter wheat. The underlying

mechanism of this phenomenon is the driving role of leaf pigment

in light harvesting of photosynthesis (Zhang et al., 2009; Gitelson et al.,
TABLE 4 Coefficient of determination (r2) of Vcmax25 models based on
different leaf traits variables.

Vcmax25 models R2 p-value

f(Narea, Chlarea) 0.72 <0.001

f(Chlarea, Cararea) 0.70 <0.001

f(Narea, Cararea) 0.69 <0.001

f(Narea, Chlarea, Cararea) 0.75 <0.001
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2014; Li et al., 2018b). The random forest regression analysis also

showed leaf chlorophyll and carotenoid contents were more important

than leaf nitrogen content for Vcmax25 (Figure 5). Compared with other

leaf traits, Vcmax25 can be accurately retrieved based on leaf chlorophyll

content from remote sensing data (Gitelson et al., 2006; Croft et al.,

2013). Moreover, leaf chlorophyll can effectively eliminate the influence

of nonphotosynthetic nitrogen since it only reflects the changes of

photosynthetic active N pool (Alton, 2017; Croft et al., 2017).

Carotenoid, which is important component of plant photosynthesis,

participate in the collection of sunlight, especially at wavelengths where

leaf chlorophyll molecules are not absorbed strongly (Ritz et al., 2000).

Leaf carotenoid also protect chlorophyll molecules from photo-

oxidation. Carotenoid is commonly referred to as “auxiliary

pigments” in light harvesting center, promoting the transfer of

excitation energy to the reaction center (Niyogi et al., 1997). Leaf

chlorophyll and carotenoid molecules are usually arranged in clusters

to maximize the capture of light energy (Croft and Chen, 2018).

Leaf chlorophyll and carotenoid contents are the most important

factors determining photosynthetic rate, owing to their important roles

in light capture and absorption of photosynthetic effective radiation

(Zhang et al., 2009; Zhang et al., 2011; Kooistra and Clevers, 2016).

Therefore, leaf photosynthetic pigments play an important role in

simulating vegetation productivity processes (Croft et al., 2017; Luo

et al., 2018). The construction of a Vcmax25 model based on

photosynthetic pigments can improve the accuracy of ecological

process model simulations (Luo et al., 2019; Liu et al., 2023b). The

multiple linear regressionmodels established in our study showed that f

((Narea, Chlarea, Cararea) had the highest optimization accuracy for the

Vcmax25 model (R2 = 0.75), which represents different information

expressed by the leaf Narea and leaf photosynthetic pigment. The

estimation accuracy of the Vcmax25 model based on Narea, Chlarea,

and Cararea (R
2 = 0.75) was only 0.05 higher than that of the Vcmax25

model based on Chlarea and Cararea (R2 = 0.70). However, the

estimation accuracy of the Vcmax25 model based on Chlarea and

Cararea (R
2 = 0.70) was 0.34 higher than that of the Vcmax25 model

based on Narea (R2 = 0.36). Leaf photosynthetic pigments can

significantly improve the estimation accuracy of Vcmax25 based on

leaf nitrogen in winter wheat.
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Introduction: Solar radiation plays a crucial role in the decomposition of litter

and the cycling of nutrients. Previous studies have investigated that the net effect

of solar radiation on litter decomposition depends on the balance of its

facilitative and inhibitory effects on microbial activity; however, a gap in

understanding the mechanism by which precipitation affects the net effect of

solar radiation and the mechanism of litter decomposition on a global scale

was observed.

Methods: In addressing this gap, a comprehensive meta-analysis of 351 data

points from 37 published studies was conducted to estimate the sole radiation

effect and interactive effect of solar radiation and precipitation on a global scale,

as well as how they vary at different precipitation levels. In addition, the

importance of influential factors regulating the net effect of solar radiation on

litter decomposition was assessed to identify the key drivers of the response of

mass loss to solar radiation at different precipitation levels.

Results: Our findings indicated that solar radiation largely regulates litter

decomposition, and the direction and magnitude are potentially dependent on

the precipitation regime. In addition, solar radiation significantly increased mass

loss and decreased the nutrient remaining. Furthermore, the effects of solar

radiation on mass loss, C remaining, and N remaining were found to be similar

among areas with precipitation levels below 200 and above 800 mm and greater

than in areas with precipitation levels between 200-400 mm and 400-800 mm.

The effect of solar radiation on CO2 emissions varied from 13.97% when

precipitation was below 200 mm to −0.707% when precipitation was between

200 and 400 mm.

Conclusion: Climatic factors determine the response ratio of mass loss to solar

radiation in arid lands, whereas the initial litter characteristics have a great

influence on the response of mass loss to solar radiation in ecosystems that

are not moisture limited. The effect of precipitation on the photodegradation

mechanism of litter was primarily achieved by influencing the decomposition of

lignin, and themain effect of solar radiation on litter decomposition will shift from

the positive effect of “photopriming” to the negative effect of “microbial
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inhibition” with the increase of precipitation. Our findings can provide a

comprehensive understanding of litter decomposition patterns on a global

scale, and our results showed that CO2 emissions from photodegradation will

be lessened by precipitation, which is important in predicting CO2 emission and

separating sources of CO2 under future increasing precipitation scenarios,

particularly in arid lands.
KEYWORDS

meta-analysis, precipitation, litter, photodegradation, microbial decomposition
1 Introduction

Litter decomposition is a crucial biogeochemical process that

plays a vital role in the cycling of carbon and other nutrients in

ecosystems (Swift et al., 1979; Wang et al., 2021). Various factors,

such as microorganisms, local climate, and litter quality, are

considered as primary determinants of litter decomposition

(Coûteaux et al., 1995). Empirical models that incorporate these

three factors have been developed to estimate litter decomposition

in diverse ecosystems (Bonan et al., 2013). However, these models

often underestimate the decomposition rate in semiarid and arid

lands, and they cannot fully account for the variation of

decomposition among different terrestrial ecosystems (Bonan

et al., 2013). These findings indicate that additional factors may

influence litter decomposition. Therefore, exploring more

comprehensive mechanisms that affect litter decomposition and

carbon cycling is essential to predict changes in carbon and nutrient

dynamics in the face of climate change.

In the past few decades, scientists have increasingly recognized

the impact of solar radiation on litter decomposition, particularly in

arid lands where photodegradation can account for approximately

26% of mass loss (Adair et al., 2017). On the one hand, solar

radiation can directly affect recalcitrant organic matter such as

lignin, breaking it down into smaller, more easily decomposable

organic materials and directly producing greenhouse gases such as

CO2 (Pancotto et al., 2003; Austin and Vivanco, 2006; Gallo et al.,

2006; King et al., 2012; Austin et al., 2016). In addition, these

smaller organic materials can indirectly enhance microbial

decomposition by promoting microbial and enzymatic activities

(King et al., 2012; Austin et al., 2016; Berenstecher et al., 2020). On

the other hand, solar radiation can also inhibit microbial

decomposition because microbes can absorb photons, which

caused DNA damage (Johnson, 2003; Pancotto et al., 2003).

Therefore, the net effect of solar radiation on litter decomposition

depends on the balance between its facilitative and inhibitory effects

on microbial activity (Johnson, 2003; Robson et al., 2005; Huang

and Li, 2017; Lin et al., 2017; Wang et al., 2021).

Precipitation is a significant factor regulating the response of

litter decomposition to solar radiation (Smith et al., 2010; Huang

and Li, 2017). In semi-arid and arid regions, the positive effect of

solar radiation on litter decomposition can offset the negative effect
023130
on microbes, and the net effect of solar radiation on litter

decomposition is generally positively related to the amount of

precipitation (Wang et al., 2015; Gliksman et al., 2017; Huang

and Li, 2017; Pieristè et al., 2020). An increase in precipitation

directly enhances litter leaching, facilitates nutrient dissolution, and

produces more dissolved organic carbon (DOC), which can be

easily degraded by solar radiation (Pancotto et al., 2003; Smith et al.,

2010). However, the relative importance of photodegradation in the

decomposition of litter remains unclear as some field studies have

shown that precipitation can simultaneously increase

photodegradation and microbial decomposition, and no

assessment has been made of whether the improvement in

photodegradation exceeds that of microbial decomposition (Smith

et al., 2010; Huang and Li, 2017).

Similarly, the net effect of solar radiation on litter decay in

relatively humid ecosystems and the mechanism by which it

changes with increasing precipitation remain unclear with

conflicting findings reported in various studies (Smith et al., 2010;

Evans et al., 2020). These conflicts may be due to variations in litter

traits, with some plants developing more protective structures, such

as lignin, which make them more sensitive to solar radiation

(Gehrke et al., 1995; Moody et al., 2001; Austin and Vivanco,

2006; Lin et al., 2017; Wang et al., 2021). Other factors that can

reduce the contribution of litter photodegradation include periodic

snow cover and a dense plant canopy, which can decrease

cumulative irradiance (Egidi et al., 2023; Smith et al., 2010; Evans

et al., 2020). In addition, experiments in relatively humid conditions

have shown that the net effect of radiation shifts from

“photopriming” to biological suppression with increasing

precipitation (Moody et al., 2001; Pancotto et al., 2003; Smith

et al., 2010). As future extreme precipitation is expected to

increase, particularly in 40% of the global land area that is

dryland (Reynolds et al., 2007; Yao et al., 2020), the mechanism

of litter decomposition in global drylands will undergo fundamental

changes. Therefore, understanding the mechanism of nutrient loss

in the litter, particularly in arid ecosystems, is crucial for effectively

predicting and managing global carbon and nutrient cycles.

In investigating our research questions, a comprehensive meta-

analysis of photodegradation studies was conducted to examine the

interactive effects of solar radiation and precipitation on litter

decomposition on a global scale. Moreover, the impact of solar
frontiersin.org
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radiation on litter decomposition was evaluated across various

mean annual precipitation (MAP). The following specific

questions were addressed: (1) How does the effect of radiation on

litter decomposition vary with different precipitation levels? (2)

Whether do the key drivers of the response of mass loss to solar

radiation in different precipitation levels change? (3) Whether and

how does the mechanism of photodegradation vary with different

precipitation levels?
2 Materials and methods

2.1 Meta-analysis

Our dataset for meta-analysis was obtained by extracting 351

data points from 37 articles found in the “Web of Science” database

(Figure 1; Table S1). These articles were published between 1995

and 2022, which contained keywords such as “UV”, “Ultraviolet

radiat ion” , “radiat ion” , “ l ight” , “ irradiance” , “solar” ,

“photodegradation”, “decomposition”, “decay”, and “degradation”.

We ensured that the selection process was systematic to avoid

publication bias and that the data met the following criteria: (1)

experiments involving litter collections were conducted on a soil

surface in natural terrestrial systems, excluding studies in lab and

aquatic systems; (2) the overall litter decomposition characteristics

(i.e., K value and mass loss), litter quality traits (i.e., C, N, C:N,

lignin, or dissolved organic carbon (DOC)), or microbial growth

characteristics (i.e., microbial biomass carbon (MBC) and CO2

emission) were analyzed during the experiment; (3) control and

treatment experiments were consistently maintained under the

same abiotic and biotic conditions; (4) the litters were exposed to

a minimum of two levels of UV radiation, with the treatment group

being exposed to ambient UV and the control group being subjected

to conditions in which UV was blocked or reduced; (5) only the

latest results were collected for experimental observations spanning
Frontiers in Plant Science 033231
multiple years; (6) if an article included multiple sites and species,

each species and site were treated as an independent study.

In estimating the interactive effect of precipitation and radiation on

litter decomposition, the observation was divided into two types,

namely, “Radiation” and “Combine”. “Radiation” studies included

photodegradation experiments that did not receive extra water

addition and included 351 data points. Meanwhile, “Combine”

studies included photodegradation experiments that received extra

water addition artificially and included 15 data points. The

interactive effect of radiation and precipitation was obtained by

comparing it to the treatment without radiation and water addition.

However, given the insufficient data, the interactive effect between

radiation and precipitation was not explored in depth. Therefore, the

studies were categorized into the following four groups based on

precipitation amounts, characteristics of precipitation distribution in

the data, and precipitation characteristics of Koppen’s climatic province

(Beck et al., 2018): precipitation< 200mm, 200–400mm, 400–800mm,

and >800 mm, corresponding to arid, semiarid, subhumid, and humid

lands. This technique allowed us to accurately estimate the interactive

effect of precipitation and solar radiation on litter decomposition.

We extracted local site information, including latitude,

longitude, mean annual temperature (MAT), MAP, experimental

duration, and litter traits such as initial C, N, lignin, hemicellulose,

cellulose, and DOC concentration, from the articles. Graphical data

were obtained using Web Plot Digitizer 4.2. In evaluating the

relationship between soil respiration and photodegradation, soil

respiration data were retrieved from the Soil Respiration Database

(SRDB V5) (Jian et al., 2021), which roughly corresponded to the

geographic coordinates of the data points in the meta-analysis.
2.2 Data analysis

The meta-analysis was conducted using Metawin software.

The impact of solar radiation alone and the interactive effect
A B

FIGURE 1

Global map of the study sites distribution (A), and local climate and biomes (B) in this meta-analysis.
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between solar radiation and precipitation on litter decomposition

were evaluated through log response ratio (LnRR) as Hedges et al.

(1999):

LnRR = Ln
Xt
Xc

� �
= Ln(Xt) − Ln(Xc)

and a variance:

v =
(St)2

Nt(Xt)2
+

(Sc)2

Nc(Xc)2

where Xt and Xc are the mean values of each variable in

treatment and in the control, St and Sc are the standard

deviations, and Nt and Nc are sample size. The variance in mean

LnRR was computed by 95% confidence intervals.

W = (Nt ∗Nc)=(Nt + Nc)

where W is the weighting factor for each LnRR datapoint. To

assess the overall weighted response ratio (LnRR++) of litter

decomposition to precipitation, we employed a random model to

computed it.

LnRR + + = (oiLnRRi ∗Wi)=(oiWi)

The variance in mean lnRR++ was computed by 95%

confidence intervals (CIs), which were produced by bootstrapping

function. Mean lnRR++ and its 95% confidence intervals (CIs) were

used to calculate effect sizes:
Frontiers in Plant Science 043332
Effect size( % ) = (eLnRR++ − 1) ∗ 100%

The Q test was performed to evaluate between-group

heterogeneity and the subcategories, including precipitation levels

(<200 mm, 200–400 mm, 400–800 mm, and >800 mm), ecosystem

types (forest, shrubland, and grassland), species (tree, shrub, and

herb), and experimental duration (<1 year, 1–3 years, and >3 years).

Linear regression analysis was utilized to investigate the relationship

between the LnRR of mass loss, carbon remaining, nitrogen

remaining, lignin remaining, and geographic characteristics and

initial litter traits, including latitude, longitude, MAT, MAP, soil

respiration, initial carbon, nitrogen, lignin, and experimental

duration. In addition, random-forest analysis was used to rank

the importance of factors influencing the response of litter mass

loss, which was determined using the percent increase in mean

square error (%IncMSE) metric. Negative %IncMSE values indicate

the lack of importance of predictors (Liaw and Wiener, 2002).
3 Results

3.1 Responses of litter decomposition to
solar radiation in a global scale

Solar radiation played a significant role in litter decomposition

(Figure 2). The results of the sole solar radiation treatment

revealed that solar radiation increased mass loss by 17.89%;
FIGURE 2

Responses of litter decomposition variables to solar radiation were examined through sole radiation treatment (Radiation) and the combination of
water addition and radiation treatment (Combine). The results are presented as LnRR++ with 95%CI. The numbers indicate the number of data
observations. Black points indicate a significant effect, whereas grey points indicate an insignificant effect. The indexes used are as follows: K = K
value, Mass = mass loss, C = carbon remaining, N = nitrogen remaining, DOC = dissolved organic carbon concentration, Lignin = lignin remaining,
MBC = microbial biomass carbon, and CO2 = CO2 emission from litter decomposition. Numbers indicate the number of data observations.
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reduced C remaining by 7.41%, N remaining by 9.28%, cellulose

remaining by 4.24%, hemicellulose remaining by 23.92%, lignin

remaining by 21.62%, and MBC by 3.70%; and increased CO2

emission by 9.99%. In the combined treatment, mass loss was

increased by 18.05%, and C remaining was decreased by 8.73%,

whereas CO2 emission was increased slightly by 0.20%. No

significant difference in mass loss and C remaining was

observed between the “Radiation” and “Combined” treatments.

In addition, mass loss, C remaining, and N remaining had no

significant difference among different experimental durations but

had remarkable differences in different ecosystems and species,

which closely correlated with precipitation in our database

(Figure S1).

In assessing the influence of precipitation on the net effect

of solar radiation, we verify whether the response of litter

decomposition to solar radiation varies with precipitation

amount. Significant variations in the effect of solar radiation on

litter decomposition and CO2 emission were observed across

different precipitation levels (Figure 3). Mass loss was

significantly increased by 25.33% and 17.46% at precipitation

levels below 200 mm and above 800 mm, whereas the increase

was only 4.90% and 13.13% at precipitation levels of 200–400 mm

and 400–800 mm, respectively. Similarly, the C remaining was

reduced by 9.67% and 9.85% at precipitation levels below 200 mm

and above 800 mm, respectively, and by 1.99% at a precipitation

level of 200–400 mm. The N remaining was reduced by 15.17%

and 16.30% at precipitation levels below 200 mm and above 800

mm but only 1.07% and 3.55% at precipitation levels of 200–400

mm and 400–800 mm, respectively. The reduction of

the hemicellulose and lignin remaining was also greater at

precipitation levels below 200 mm than that at other levels.

Solar radiation significantly increased CO2 emission by 13.97%,

but it only showed a slight effect at precipitation levels of 200–400

mm and 400–800 mm.
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3.2 The relationships between the
response ratio of mass loss and
various factors

The results showed that the response of mass loss to solar radiation

was only negatively related to soil respiration, initial lignin

concentration, and ln(MAP) on a global scale (Figure 4). The

response of C remaining showed a positive relationship with latitude,

longitude, and initial lignin concentration and a negative relationship

with MAT and experimental duration (Figure S2). The response of N

remaining was positively related to latitude, ln(MAP), soil respiration,

initial C, and initial lignin concentration and negatively related toMAT

(Figure S3). The response of lignin remaining was positively related to

ln(MAP), initial C, and initial lignin concentration and negatively

related to initial N and experimental duration (Figure S4).
3.3 Dominant factors regulating the
responses of mass loss to radiation

On a global scale, random-forest analysis revealed that several

factors were significantly associated with the effects of solar radiation

on mass loss, including latitude, initial lignin concentration,

experimental duration, MAT, MAP, longitude, and soil respiration

(Figure 5). When precipitation was less than 200 mm, MAP plays an

important role in regulating the response of mass loss to radiation.

However, as precipitation increased, the relative importance of MAP

in regulating mass loss decreased with MAP exerting no significant

effect on the response ratio when the precipitation level was between

400–800 mm and >800 mm. At a precipitation level of 400–800 mm,

soil respiration plays an important role in regulating the ratio, and the

initial litter trait such as initial N and lignin concentration became

increasingly important in driving the response of mass loss to

radiation when the precipitation level was >800 mm.
FIGURE 3

Effects of solar radiation on litter decomposition variables at different precipitation levels: <200mm, 200–400 mm, 400–800 mm, and >800 mm.
Results were presented as LnRR++ with 95% confidence intervals. Numbers indicate the number of data observations. P indicates the result of the
between-group heterogeneity test (QB) at different precipitation levels.
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4 Discussion

4.1 Effects of the interactive effect on
litter decomposition

Solar radiation is a critical factor in the regulation of litter

decomposition. Our findings are consistent with previous research,

demonstrating that solar radiation significantly increases mass loss

in sole radiation and combined treatment. Moreover, the response

of litter decomposition to solar radiation is closely related to MAP

(Figure 4). In addition, no significant difference in the effect of solar

radiation on mass loss is found among lands with precipitation

levels below 200 mm and above 800 mm, which was higher than in

other areas (Figure 3). In general, radiation plays a significant role in
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litter decomposition in extremely arid lands, (King et al., 2012;

Austin et al., 2016; Berenstecher et al., 2020), whereas the

contribution of photodegradation decreases in relatively humid

ecosystems because of the increased microbes and plant canopy

(Egidi et al., 2023; Smith et al., 2010; Evans et al., 2020). Contrary to

previous studies indicating that radiation generally has a negligible

effect on litter decomposition in wet ecosystems (Newsham et al.,

1997; Moody et al., 2001), our results suggested that litter

decomposition has a greater response to radiation at a

precipitation level of >800 mm than those at 200–400 mm and

400–800 mm. These results answered questions (1) and (3), that is,

the effect of radiation initially decreases and then increases with

different precipitation levels, indicating that precipitation can

change the litter decomposition mechanism. This result might be
FIGURE 5

Random forest analysis was used to assess the importance of predictors of the log response ratio of mass loss to solar radiation on the global scale
at precipitation levels of<200 mm, 200–400 mm, 400–800 mm, and >800 mm. The purple bar indicates the predictors that significantly influence
mass loss, and the white bar indicates the predictors that exerted no significant influence on mass loss.
FIGURE 4

Relationships between the log response ratio (LnRR) of mass loss (Mass Loss) and various factors, including latitude, longitude, MAT, ln(MAP), soil
respiration, initial litter C, N, lignin concentration, and experimental duration, as well as the log response ratios (LnRR) of the litter C and N remaining
to solar radiation.
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due to the condition of microbes in humid ecosystems where

microbial biomass and diversity are significantly higher than in

other areas, and previous research has shown that several soluble

materials are produced by microbes, which exerted a positive effect

on litter photodegradation (Gallo et al., 2006; Austin et al., 2009;

Smith et al., 2010).

Classical models of global carbon turnover often fail to consider

the impact of photodegradation on C loss during litter decomposition

as previous studies have consistently neglected this factor. Our study

suggests that sole radiation treatment and combined treatment had a

significant but relatively minor effect on C remaining; however, a

significant difference in precipitation amounts was observed

(Figure 3). The response of C remaining to solar radiation was

higher in areas with a precipitation level of<200 mm compared

with other regions (except for a precipitation level of >800 mm).

Similarly, the proportion of C, including cellulose, hemicellulose, and

lignin, showed significant changes at a precipitation level of<200 mm,

which supports our previous conclusion, that is, solar radiation has a

greater impact in arid regions (Smith et al., 2010; Huang and Li,

2017). Solar radiation only decreased the lignin remaining at a

precipitation level of<200 mm, and the mass loss and C, N, and

lignin remaining had significant relationships with the initial litter

lignin concentration (Figures 4, S2–S4), which is consistent with

previous studies that have shown that lignin is the main target of

photodegradation (Austin and Vivanco, 2006; King et al., 2012).

Furthermore, solar radiation had a minor impact on lignin in other

regions, particularly in areas where precipitation was greater than 800

mm, exhibiting similar mass loss and responses of C and N remaining

to solar radiation in regions with a precipitation level of less than 200

mm (Figure 3). This finding indicated that lignin is more susceptible

to solar radiation than to microbial decomposition (Vanderbilt et al.,

2008; Bontti et al., 2009; Wang et al., 2015), which can directly absorb

ultraviolet and short-wave visible light and produce smaller organic

compounds (Austin and Vivanco, 2006; King et al., 2012). The

relationship between the response of the lignin remaining and

MAP also supports our view as the extent of the lignin remaining

decreases with the increase of MAP (Figure S4). Therefore, increasing

precipitation in the future will influence the mechanism driving

l ignin decomposi t ion by al ter ing the dominance of

photodegradation and microbial decomposition. In addition, solar

radiation increased litter DOC concentration at a precipitation level

of<200 mm, although the effect was not significant. We can partly

predict that the DOC concentration will increase with the increase in

precipitation because of the breakdown and leaching effects (Smith

et al., 2010; Austin, 2011; Huang and Li, 2017). This phenomenon

will generate a positive feedback loop that improves litter

decomposition decay because of its susceptibility to radiation and

the provision of high-quality labile carbon to microbes.

Microbial activity primarily regulates the dynamics of litter N,

with initial N continuously increasing because of microbial

immobilization for growth, followed by a decrease as microbes

mineralize N in later stages of decomposition (Brandt et al., 2007;

Smith et al., 2010; Wang et al., 2015). In sole solar radiation

treatment, N immobilization decreased (Figure 2), with a greater

decline at a precipitation level of<200 mm (Figure 3). This trend is

consistent with solar radiation exposure reducing microbial activity
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because biotic processes are inhibited (McLeod et al., 2008;

Gliksman et al., 2017; Huang and Li, 2017; Marinho et al., 2020).

However, the response of N remaining to solar radiation was not

significant when precipitation was between 200-400 mm and 400-

800 mm. These neutral results indicated that microbes are more

resilient to the negative effects of radiation when moisture is not

limited, and models of litter N dynamics should consider the

mitigating effects of precipitation on microbial activity (King

et al., 2012; Austin et al., 2016; Berenstecher et al., 2020).

Compared with the moderately negative effect in areas with

precipitation between 200–400 mm and 400–800 mm, the

negative effect of radiation on N immobilization is stronger in

humid ecosystems (precipitation >800 mm) where microbial

decomposition dominantly regulates the process. In wet

ecosystems, solar radiation can speed up nitrogen mineralization

by microorganisms, thereby reducing the nitrogen remaining

(Smith et al., 2010; Wei et al., 2022). Therefore, microbial

decomposition is typically faster in areas with higher moisture

content and more likely to progress to later stages of degradation

(Austin and Vivanco, 2006; Smith et al., 2010; Gliksman et al.,

2017). Thus, conducting long-term and short-term interactive N

dynamic studies in different ecosystems is necessary to provide a

comprehensive understanding of the interactive effects of multiple

factors on N dynamics.
4.2 Effects of the interactive effect on
microbial activity and CO2 emission

The inhibition of microorganisms by radiation may occur through

several distinct mechanisms, such as DNA damage and decreased

spore germination (Moody et al., 2001; Johnson, 2003; Austin and

Vivanco, 2006; Parton et al., 2007; Austin, 2011), and modifications to

the structure of microbial communities (Pancotto et al., 2003; Smith

et al., 2010; Sala et al., 2015; Marinho et al., 2020). Although the precise

role of water in this process remains unclear, microorganisms are more

resilient to harm when not experiencing water stress. However, our

meta-analysis found that solar radiation had a negative impact on

MBC, particularly in ecosystems with high precipitation (>800 mm),

whereas MBC increased in ecosystems with low precipitation (<200

mm) probably because the positive effect of photodegradation on

microbial activity offsets the negative effect in arid lands. As the

moisture level increases, the primary effect of radiation on litter

decomposition may transition from “photopriming” to the

suppression of microorganisms. However, given the restricted

availability of MBC data, further experiments must be conducted to

confirm this conclusion. Therefore, conducting experiments in the

future is necessary to examine the interaction between water and

radiation onMBC and elucidate the changes in the mechanism of litter

decomposition under increasing precipitation. In addition, although

the change in MBC was unclear, CO2 emission increased across all

treatments and precipitation levels (except 200-400 mm). This increase

was due to the emission of C-based trace gases produced by the

photochemical mineralization of recalcitrant compounds (McLeod

et al., 2008; Rutledge et al., 2010). However, the response of CO2

emission to solar radiation decreased with the increase of precipitation
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compared with the response when the precipitation level was<200 mm.

This finding provides a new insight into the influence of precipitation

on CO2 emission, where CO2 emission may significantly change with

the increase of precipitation in photodegradation ways, particularly in

xeric lands. However, given the data limitations, CO2 obtained from

global photomineralized sources cannot be quantified. Thus, future

research projects are necessary to gain amore integrated understanding

of the effects of radiation on CO2 emission.
4.3 Dominant factors regulating
the responses of the mass loss
to solar radiation

The impact of solar radiation on litter decomposition is complex,

and it varies depending on its magnitude and other factors. On a global

scale, latitude and initial lignin concentration play crucial roles in

regulating the response ratio of mass loss to solar radiation. This

finding supports earlier studies that consider lignin as the primary

target for photodegradation (Austin and Vivanco, 2006; Brandt et al.,

2007; Wang et al., 2022). Similarly, initial litter traits, such as N and

lignin concentration, play important roles in regulating the response

ratio of mass loss to solar radiation at a precipitation level of >800 mm,

which might be due to no moisture limitation in this region; moreover,

intense microbial activity was observed, and the photodegradation

activity was not limited by other factors (Coûteaux et al., 1995).

However, climatic factors appear to have a greater influence on litter

decomposition than initial litter traits in ecosystems that are moisture

limited, which answers our second question (2) and presents challenges

in predicting global litter decomposition. With the expected increase in

precipitation in the future, MAP may become more significant and

affect CO2 emission through leaching andmicrobial growth. Therefore,

long-term experiments that consider biotic and abiotic factors,

including MAP, are essential for predicting litter decomposition and

CO2 emission in a changing climate.
5 Conclusion and prospects

We conducted a meta-analysis and found that the effect of

radiation on litter decomposition depends on the magnitude of

MAP. In particular, a similar effect of radiation on litter mass loss

was observed in arid lands and humid ecosystems, and precipitation

can increase resilience to the negative effects of radiation on

microbes. Furthermore, the mechanism of litter decomposition

and the regulatory factors of photodegradation would change

with increasing precipitation. Moreover, radiation increased the

CO2 emission rate for all precipitation amounts, particularly in arid

lands. As precipitation continues to increase in the future, litter

decomposition, carbon cycling, and CO2 emission caused by

photodegradation may change significantly.

We also found that the heterogeneity of radiation’s impact on

litter decomposition can be explained by climatic factors and initial

litter traits. This knowledge may help us comprehensively

understand the mechanism by which radiation affects litter

decomposition and CO2 emission in different ecosystems. Future
Frontiers in Plant Science 083736
studies should focus on investigating the interactive effect of

precipitation and solar radiation on litter decomposition and

microbial activity in relatively humid ecosystems to obtain a

comprehensive understanding of how climate change will affect

litter decomposition. Furthermore, more research must be

conducted to accurately assess the effect of radiation on CO2

emission caused by photodegradation. A comprehensive

understanding of the contribution of biodegradation and

photodegradation to litter decomposition will help us in

predicting how litter decomposition will respond to climate change.
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The aboveground carbon sequestration rate (ACSR) of forests serves as an indicator

of their carbon sequestration capacity over time, providing insights into the

potential carbon sequestration capacity of forest ecosystems. To explore the

long-term Spatiotemporal variation of ACSR in the transitional ecotone of

the eastern Tibetan Plateau under climate change scenarios, we utilized a forest

landscape model that was parameterized with forest inventory data from the

eastern Tibetan Plateau to simulate this ecological function changes. The study

found that climate warming had significant effect on forests ACSR in different types

of forests. ACSR was significantly reduced (p<0.05) in cold temperate coniferous

and temperate coniferous forests, whereas it was significantly increased in

deciduous broad-leaved forests. However, the impact of climate warming on

evergreen broad-leaved forests was found to be negligible. At the species level,

climate warming has mostly suppressed the ACSR of coniferous trees, except for

Chinese hemlock. The main dominant species, spruce and fir, have been

particularly affected. Conversely, the ACSR of most broad-leaved trees has

increased due to climate warming. In addition, at the landscape scale, the ACSR

within this region is expected to experience a steady decline after 2031s-2036s.

Despite the effects of climate warming, this trend is projected to persist. In

conclusion, the forests ACSR in this region will be significantly affected by future

climate warming. Our research indicates that climate warming will have a

noticeable suppressive effect on conifers. It is imperative that this factor be taken

into account when devising forest management plans for the future in this region.

KEYWORDS

aboveground carbon sequestration rate, climate change, ecological process model,
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1 Introduction

Numerous studies have shown that human activities have

caused noticeable global warming for decades, which have direct

effects on the growth, maturation, and interspecific competition of

tree species, changing the productivity, carbon sequestration

capacity, and other ecological functions of forests (Lindner et al.,

2010; Bachelot et al., 2020; Liu et al., 2021; Liang et al., 2023). The

response of forests to future climate remains highly uncertain (Liu

et al., 2013; Frank et al., 2015; Schurman et al., 2019). On one hand,

high levels of CO2 emissions can benefit the growth and

productivity of tree species (Franks et al., 2013; Gustafson et al.,

2018). However, different tree species exhibit varying responses to

elevated CO2 concentrations (Kallarackal and Roby, 2012). On the

other hand, moderate temperature increases can prolong the

growing season and enhance productivity of tree species

(Duveneck and Thompson, 2017), but excessive temperature

increases can induce heat stress in tree species, resulting in

decreased productivity and reduced carbon sequestration capacity

(Teskey et al., 2015). This complex process highlights the need for a

flexible and suitable indicator to reflect changes in forest carbon

sequestration capacity under climate disturbance, the aboveground

carbon sequestration rate (ACSR) could reflect the dynamic

changes of forest carbon sequestration capacity timely and

determine the potential carbon sequestration capacity of forest

ecosystems (Chapin et al., 2002; Chen et al., 2013).

Several studies have revealed that climate change will significantly

influence the carbon sequestration capacity of forests on a large scale

(Ma et al., 2014; Zhou et al., 2022). Yao et al. (2018) introduced a

semi-empirical model that demonstrates the positive relationship

between rising CO2 concentration due to climate change and the

increase in total forest biomass and forest carbon sequestration in

China. Specifically, transition zone forests have been identified as

highly susceptible to the impacts of climate change (Dai et al., 2016;

Wu et al., 2020). To fully understand the impact of climate change on

forest carbon sequestration capacity, it is crucial to investigate the

response of transition zone forests to these changes.

The alpine forests of western Sichuan are the transition zone

from the Sichuan Basin to the Tibetan Plateau and are an important

ecological barrier in the upper reaches of the Yangtze River,

transition from broadleaf-dominated forests of southeast low

mountain region to conifers-dominated forest of the northwest

alpine region. The transitional ecotone between biomes represents

areas where abrupt changes exist in response to climate change

(Frelich and Reich, 2010), making this ecotone forest a sensitive

region to climate change (Wei and Fang, 2013). In addition, this

area has experienced severe harvesting and artificial regeneration

(Miao et al., 2014), the forest structure and composition of this

region have experienced substantial changes under the interaction

of natural restoration and climate change, forest carbon

sequestration has also been affected (Huo et al., 2010; Zhang

et al., 2023). Therefore, it is necessary to explore the long-term

spatial and temporal variation of ACSR in the alpine forests of

western Sichuan in the context of climate warming, to develop

appropriate forest management strategies for the characteristics of

the region.
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Assessing the long-term impact of climate change on the carbon

sequestration capacity of forests is a challenge, which usually requires

a large spatial and temporal scale to be represented, and the long-

term complexity of climate change impacts on forest carbon stocks

makes changes in forest vegetation carbon with a significant lag

(Nevins et al., 2021). Most recent studies on carbon sinks in forest

ecosystems on the Tibetan Plateau in response to long-term climate

change have been based on model simulations and remote sensing

monitoring (Dong and Ni, 2011; Zhao et al., 2014; Sun et al., 2022).

However, these models only consider climate change as the main

driving force and directly or indirectly ignore forest landscape

processes. Whereas forest landscape models provide a favorable

tool for studying changes in forest carbon sequestration capacity

under climate change at the integrated scale of tree species,

community, and landscape over long periods of time, which can

not only reflect natural forest succession dynamics, but also set up

different disturbance scenarios to help understand the dynamics of

forest carbon pools in the context of climate warming through

repeated simulation experiments (Shifley et al., 2008; Gustafson

et al., 2010).

In this study, we conducted simulation experiments using the

LANDIS-II forest landscape model (Scheller et al., 2007), to

quantitatively evaluate the temporal and spatial variation

characteristics of the ACSR in western Sichuan transitional forests

in the next 100 years (2016-2116) under three climate warming

scenarios. The aims of this research were to (1) explore the temporal

and spatial variation characteristics of the ACSR in alpine forests in

western Sichuan under different climate scenarios at various levels,

(2) analyze the differences in the impact of different climate scenarios

on ACSR using statistical methods, (3) provide scientific insight for

selecting appropriate forest management schemes for alpine forests in

western Sichuan under the climate warming scenarios. We want to

answer these questions to provide useful scientific information for

achieving the goals of sustainable forest management to improve the

carbon sequestration capacity of the western Sichuan alpine

mountains under future climate change.
2 Materials and methods

2.1 Study area

We conducted our simulation experiment within Mao Country

(102°56′~104°10′E, 31°25′~32°16′N)), located in the Western

Sichuan Province of Southwestern China (Figure 1). The study area

encompasses 3903.28 km2, with approximately 67.5% of the area

covered in forests. The elevation of the region varies greatly, ranging

from 890 m to 5230 m, resulting in a diverse vertical and regional

climate. The climate in the region is characterized as a highland

monsoon, with an average annual temperature of 11.0°C and an

annual precipitation of 486.3 mm. The forest landscape of the region

is predominantly a mixed forest comprised of both coniferous and

broad-leaved forests. The main dominant species in the subalpine

region at elevations between 1900 m-3000 m are spruce (Picea

asperata) and fir (Abies fabri). And birch (Betula spp.), maple

(Acer spp.) and ring-cupped oak (Cyclobalanopsis glauca) are the
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main broad-leaved tree species, which are distributed at

lower elevations.

The region experienced a large-scale forest harvesting event

before 1998, which led to serious damage to its forest ecosystem,

and since the implementation of the Natural Forest Protection

Project, the forest cover in the region has been restored through

afforestation, but due to the homogeneous composition and age

structure of planted forests, causing significant changes in forest

structure and composition (Zhao and Shao, 2002). At present, the

forests in the region are mainly for ecological protection, and forest

management is based on natural succession, with no harvesting and

afforestation, it can be expected that carbon sequestration capacity

will be affected (Piao et al., 2019).
2.2 Climate data

To investigate the impact of future climate change on forests ACSR,

we considered the current climate and three emission scenarios

(RCP2.6, RCP4.5 and RCP8.5) in the experiment (Supplementary

Figure 1). In the current climate, the monthly mean temperature and

precipitation for the study area were obtained from data from 12

surrounding meteorological stations for the period 1980s-2020s and

interpolated by regression kriging, and we assumed that the current

climate conditions will not change in the next 100 years. In the future

climate scenarios, climate datasets that were derived from the Coupled

Model Intercomparison Project Phase 5 (CMIP5) framework of the

World Climate Research Programme (IPCC, 2013), it is compiled by

averaging projections from multiple climate models, which are then

reduced and interpolated to a 30-inch grid by the MarkSimGCM

weather generator (http://gisweb.ciat.cgiar.org/MarkSimGCM/). CO2

concentrations data were from the RCP database (http://tntcat.iiasa),
Frontiers in Plant Science 034140
and the photosynthetically active radiation (PAR) data was from the

Chinese Ecosystem Research Network Data Center (http://

www.nesdc.org.cn/), due to the low changeable rate of PAR (Zhu

et al., 2010), we assumed that PAR remains constant in the future

scenarios of our study area.
2.3 Simulation model

We used a spatially explicit landscapemodel LANDIS-II v6.0 and an

ecological process-based model PnET-II to conduct our research. The

LANDIS-II is a stochastic, process-based model that simulates forest

development (seed dispersal, tree establishment, growth, competition,

mortality) on large spatiotemporal scales (Scheller et al., 2007). Within

LANDIS-II model, landscapes are represented as a grid of spatially

interacting cells, and each cell is aggregated into different ecological land

types according to its site conditions (e.g., climate, soil), forest

composition is formed through the use of age cohorts of one or more

tree species on each cell, these tree species compete with each other

through a variety of vital attributes, ultimately driving successional

pathways through competition. And PnET-II is a process-based model

that could stimulate the growth of forest trees under specific soil, climate

and hydrological conditions (Aber and Federer, 1992), so we used it to

calculate the aboveground net primary production (ANPP) and tree

species establishment probability (SEP) needed for the LANDIS-II model

by simulating the carbon, nitrogen andwater cycle processes in the forest.

The key input parameters for the LANDIS-II model include tree

species life history parameters, ANPP, SEP and stand spatial

parameters (initial tree species distribution raster and ecoregion

raster). Life history parameters for 16 dominant tree species were

obtained from previous studies and consultation with local forestry

experts (Liu et al., 2021) (Table 1). The initial distribution raster map of
FIGURE 1

Location and forest landscape types of our simulation.
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tree species was synthesized by using the forestry survey data of Mao

County in 2016. And we divided the study region into five ecoregions

based on elevation, land type and soil, including an inactive ecoregion

and four active ecoregions, the inactive ecoregion was no-forested and

shrubs, the four ecoregions were classified mainly based on elevation,

with ecoregion 1 being above 1500 m, ecoregion 2 ranging from 1500

to 2000 m, ecoregion 3 ranging from 2000 to 2800 m, and ecoregion 4

being above 2800 m (Supplementary Figure 2). We uniformly set the

resolution of the spatial data to 100 m×100 m.

The parameters selected for the PnET-II include climate data

(monthly temperature, monthly mean precipitation, PAR and CO2

concentration), species physiological parameters (Supplementary

Table 1), and site conditions parameters. The species physiological

parameters reflect the differentiation in the response of different tree

species to climate and environmental changes, and the physiological

parameters of each tree species are mainly from the relevant literature

review and site survey (Duan et al., 2014; Wang et al., 2017; Cai et al.,

2019). Latitude and water holding capacity (WHC) are the main

parameters in the site conditions, water holding capacity was

calculated by rock fragment, clay and sand content obtained from a

national soil database (http://gis.soil.csdb.cn/).

The applicability of the LANDIS-II model has been well

demonstrated in previous studies (Xu et al., 2009; Gustafson et al.,

2010), but the lack of long-term observations on large spatial and

temporal scales makes it difficult to visually validate the spatial model.

In this study, we compared the initial forest simulation data of

LANDIS-II with actual observations (Supplementary Figure 3). The

comparison results show that the model can better simulate the forest

dynamics in Mao County.
Frontiers in Plant Science 044241
2.4 Data analysis

To compare the differences in forest carbon sequestration

capacity over the next 100 years under different climate scenarios,

we calculated aboveground carbon sequestration rates from 2016 to

2116 at the tree species-, community-, and landscape-scales (Fang

et al., 2001). ACSR was calculated using the following equation:

CSRi = (Ci,t1 − Ci,t2)=(t2 − t1)

where CSRi is the ACSR at a certain period, Ci,t1 is the biomass

at the time t1 and Ci,t2is the biomass at the time t2.

To visualize the spatial and temporal variation of forest carbon

sequestration capacity, we produced spatial maps of aboveground

carbon stocks for each cell in the study region. Five iterations of each

climate scenario were simulated to reduce the stochasticity of the

models. We tested differences in ACSR across climate scenarios by

one-way ANOVA with multiple comparisons using LSD, and

different letters representing significant differences (P<0.05).
3 Results

3.1 ACSR at landscape level

ACSR of forests under different climate scenarios varied

noticeably in the next 100 years (Figure 2). The overall trend in

ACSR was consistent over the simulation period under different

climate scenarios, with a continuous increase in ACSR from 2016s to

2036s, followed by a persistent decrease in ACSR over the next 50
TABLE 1 Life-history attributes of the main tree species in the study area.

Species Common name LONG MTR ST ESD MSD VSR

Picea asperata Spruce 300 60 4 50 150 0

Abies fabri Fir 300 60 4 50 150 0

Tsuga chinensis Chinese hemlock 400 80 4 100 150 0

Pinus armandii Huashan pine 200 35 2 30 100 0

Pinus tabuliformis Chinese pine 150 35 2 30 100 0

Quercus wutaishanica Liaodong oak 300 40 2 50 200 1

Quercus semicarpifolia Brown oak 250 40 2 50 200 1

Quercus variabilis Cork oak 200 20 3 50 300 0.8

Cyclobalanopsis glauca Ring-cupped oak 250 20 2 50 200 0.9

Cupressus chengiana Minjiang cypress 300 30 3 200 500 0

Sophora japonica Locust 150 15 1 300 1500 0.9

Toona sinensis Chinese toon 120 15 1 300 1000 0.9

Acer spp. Maple 200 20 3 50 200 0.5

Betula spp. Birch 150 15 1 200 1500 0.8

Populus spp. Aspen 150 15 1 300 1500 0.9

Alnus cremastogyne Alder 150 15 2 200 1000 0.8
frontier
LONG, longevity (years); MTR, age of maturity; ST, shade tolerance (1-5), 1 represents minimal shade tolerance, and 5 represents maximum shade tolerance; ESD, effective seeding distance;
MSD, maximum seeding distance; VSR, vegetative reproduction probability (0-1).
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years, with a short period of fluctuation by the end of the simulation.

The overall ACSR was maximum under the RCP8.5 scenario with a

mean value of 0.36 t ha-1 a-1, the mean ACSR under the current

climate scenario was 0.27 t ha-1 a-1, which was slightly lower than the

RCP8.5 scenario. The ACSR was minimum in the RCP2.6 and

RCP4.5 scenarios, and the difference between them was minor,

with mean values of 0.18 t ha-1 a-1 and 0.17 t ha-1 a-1, respectively.
3.2 ACSR at community level

Four forest communities with varying ACSR were simulated

under different climate scenarios (Figure 3). The ACSR exhibited an

overall decreasing trend in all climate scenarios in cold temperate

coniferous forests. Furthermore, the forest ACSR was suppressed in

the climate warming scenario, particularly in the late simulation

period, with negative ACSR observed in all climate warming

scenarios. The ACSR of temperate coniferous forests continued to

decline under all climate scenarios during the simulation period,

and warming also harmed the ACSR of temperate coniferous

forests, with the ACSR under all warming scenarios was always

lower that than current climate. The ACSR of deciduous broad-

leaved forests showed a “v” shape for all climate scenarios during

the simulation period, with the minimum values occurring in the

2081s-2086s. And climate warming had a positive effect on the

ACSR of deciduous broad-leaved forests, as temperatures increased,

this effect became more pronounced, with the highest ACSR

observed under the RCP8.5 scenario. The impact of climate
Frontiers in Plant Science 054342
warming on the ACSR of evergreen broad-leaved forests was

found to be negligible. The ACSR of evergreen broad-leaved

forests showed a noticeable increase from 2016s-2036s, regardless

of the climate scenario, during this period, the ACSR values shifted

from negative to almost 0, eventually stabilizing at around 0.
3.3 ACSR at species level

The simulated response of coniferous species ACSR to climate

change in the next 100 years was roughly the similar excluding

Chinese hemlock (Figure 4). Our study found that climate warming

had a negative impact on ACSR in the majority of coniferous forests

in the study area. However, it did not alter the overall trend of ACSR

in tree species. Like the spruce (Figure 4A), the ACSR generally

displayed a consistent downward trend throughout the simulation

across all climate scenarios, furthermore, its ACSR became negative

towards the end of the simulation, with this trend being further

amplified by warming. The impact of climate warming on fir was

significant, as shown in Figure 4B, the ACSR experienced a fluctuating

decline under the current climate scenario, although the decline was

relatively minor, during the simulation period, the ACSR changed

from 0.17 t ha-1 a-1 to 0.05 t ha-1 a-1, and this change was exacerbated

by climate warming. According to the RCP8.5 scenario, the ACSR

decreased from 0.16 t ha-1 a-1 to -0.19 t ha-1 a-1, similarly, under the

RCP4.5 scenario, it decreased from 0.085 t ha-1 a-1 to -0.16 t ha-1 a-1,

and under the RCP2.6 scenario, it decreased from 0.066 t ha-1 a-1 to

-0.15 t ha-1 a-1. Warming had a positive effect on the ACSR of Chinese
FIGURE 2

Forest aboveground carbon sequestration rate in landscape level.
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hemlock (Figure 4C), and increased its ACSR substantially

throughout the simulation period, with the most pronounced

promotion by RCP8.5. ACSR of Huashan pine, Chinese pine and

Minjiang cypress has been negatively affected by climate warming,

which has exacerbated the decline of their ACSR (Figures 4D–F).

The simulation showed that broad-leaved trees had complex

dynamics, as depicted in Figure 5. Additionally, the study found that

climate warming had a positive impact on the ACSR of the majority of

broad-leaved tree species. The ACSR of Liaodong oak exhibited an

initial increase followed by a subsequent decrease, specifically, between

2016s and 2036s, the ACSR demonstrated a rapid increase before

gradually declining, climate warming does not alter this trend, but

enhances the ACSR to some extent when compared to current climate
Frontiers in Plant Science 064443
scenario. Throughout the simulation period, warming shifted themean

ACSR of Liaodong oak from a negative value under the current climate

to a positive value. The impact of climate warming on brown oak and

ring-cupped oak was relatively minor, and the effect of warming on

their ACSR was not noticeable. During the simulation period, the

ACSR of cork oak exhibited a trend of increasing and then decreasing.

The impact of warming on the ACSR was considerable, particularly

between 2021s and 2026s, resulting in a substantial increase in the peak

ACSR of cork oak. The effect of warming on maple was similar to that

on Liaodong oak. The variation of birch’s ACSR resulted in a “v”

shape, with a decrease followed by an increase, and the minimum value

was observed between 2081s and 2086s. The ACSR of birch was

pronouncedly increased due to climate warming, and the most evident
FIGURE 3

Forest aboveground carbon sequestration rate of different communities. CCF, Cold temperate coniferous forest; TCF, Temperate coniferous forests;
DBF, Deciduous broad-leaved forest; EBF, Evergreen broad-leaved forest.
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positive effect was observed in the RCP8.5 scenario, the simulation

revealed that the maximum ACSR can reach 0.43 t ha-1 a-1.
3.4 Differences of ACSR among
climate scenarios

The results of ANOVA indicated significant differences in ACSR

between cold temperate coniferous forests, temperate coniferous

forests and deciduous broad-leafed forests under different climate
Frontiers in Plant Science 074544
scenarios (p<0.05) (Figure 6), and there was no significant effect of

climate change on ACSR in evergreen broad-leaved forests. The

ACSR of cold temperate coniferous forests has been significantly

reduced due to climate warming, with the RCP4.5 scenario showing a

significant difference from the other two warming scenarios

(Figure 6A). Climate warming had a significant negative impact on

ACSR in temperate coniferous forests (Figure 6B). In deciduous

broad-leaved forests, the increase in climate warming led to a

significant rise in their ACSR, this resulted in a shift from negative

to positive mean values as per simulations (Figure 6C).
A B

D

E F

C

FIGURE 4

Forest aboveground carbon sequestration rate of coniferous species trees. (A) Spruce, (B) Fir, (C) Chinese hemlock, (D) Huashan pine, (E) Chinese
pine, (F) Minjiang cypress.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1212406
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Lin et al. 10.3389/fpls.2023.1212406
Climate change only significantly affected the ACSR of some

tree species (Supplementary Table 2). Specifically, the ACSR of

spruce was significantly reduced by climate warming, with no

discernible difference observed across various warming scenarios

(Figure 7A). The ACSR of fir was negatively impacted by climate

warming, however, it was observed that the effects of RCP8.5 were

significantly different from the other two warming scenarios

(Figure 7B). The Chinese hemlock exhibited a significantly higher

ACSR for all warming scenarios compared to the current climate,
Frontiers in Plant Science 084645
among the three warming scenarios, the ACSR for RCP8.5 was

significantly higher than the other two (Figure 7C). The impact of

climate warming on Minjiang cypress was found to be similar to

that of spruce, the study revealed that warming had significant

negative effect on the ACSR of Minjiang cypress (Figure 7D). The

ACSR of cork oak and birch was significantly increased by climate

warming, especially RCP8.5 produced a significant increase in the

ACSR of birch (Figures 7E, H). ACSR of locust and Chinese toon

had significant decreases under warming scenarios (Figures 7F, G).
A B

D
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C

FIGURE 5

Forest aboveground carbon sequestration rate of broad-leaved species trees. (A) Liaodong oak, (B) Brown oak, (C) Cork oak, (D) Ring-cupped oak,
(E) Maple, (F) Birch.
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3.5 Spatial distribution of carbon stocks

Forest carbon stocks showed a large variation in different stages

under different climate scenarios (Figure 8). Our study found that

climate warming had a mixed impact on forest carbon stocks in the

area. In the RCP2.6 scenario, there was a positive effect on forest

carbon stocks until the 2060s, followed by a slight suppression.
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Similarly, in the RCP4.5 scenario, there was a positive effect until

the 2040s. However, in the RCP8.5 scenario, there was a dramatic

warming that noticeably reduced forest carbon stocks. Our study

also found that appropriate climate warming promoted carbon

stock in the southeastern part of the area, whereas drastic warming

had a suppression effect in the high-altitude areas of the western and

northeastern regions.
A B C

FIGURE 6

Results of multiple comparisons of the influences on the aboveground carbon sequestration rates of the communities. (A) Cold temperate
coniferous forests, (B) Temperate coniferous forests, (C) Deciduous broad-leaved forests. Significant differences between different climate scenarios
are indicated with different lowercase letters (P < 0.05).
A B

D E F

G H

C

FIGURE 7

Results of multiple comparisons of the influences on the aboveground carbon sequestration rates major tree species. (A) Spruce, (B) Fir, (C) Chinese
hemlock, (D) Minjiang cypress, (E) Cork oak, (F) Locust, (G) Chinese toon, (H) Birch. Significant differences between different climate scenarios are
indicated with different lowercase letters (P < 0.05).
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4 Discussion

Our study found that climate warming has a significant impact

on the ACSR of forests in this transitional ecotone. More

specifically, we found that forest ACSR was influenced by various

climate change scenarios, forest types, species, and successional

stages. The findings of our study suggest that warming has a

significant impact on different tree species. In particular, it was

observed that warming led to a decrease in the ACSR of coniferous

trees, whereas it had a positive effect on the ACSR in broad-leaved

trees. These results are consistent with previous research conducted

in this field (Ma et al., 2014). The study revealed that warming had a

negative impact on the ACSR of spruce and fir, and this negative

trend was observed in the later stages of the simulation. We suggest

that this may be attributed to the species’ adaptation to current

temperature conditions and the inhibitory effect of increased

temperature on their photosynthesis. Consequently, warming is

expected to exert a stronger negative impact on the ACSR of spruce

and fir compared to CO2 fertilization, and further warming could

continue to inhibit their growth (Coops and Waring, 2011).

Consistent with our findings, Liao et al. demonstrated that future

warming scenarios would result in a contraction of the habitat range

of spruce and fir on the eastern Tibetan Plateau, highlighting their

vulnerability to climate warming (Liao et al., 2020). The warming

has positively influenced the ACSR of Chinese hemlock, with the
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RCP8.5 scenario having the most pronounced enhancing effect.

This may be attributed to the higher maximum photosynthetic

temperature tolerance of Chinese hemlock, the current warming

not yet surpassing its threshold, and the temperature increase

promoting its photosynthesis, consequently increasing its ACSR.

Other coniferous trees, such as Minjiang cypress and Huashan pine,

exhibit a similar response to climate warming as spruce and fir.

Broad-leaved tree species generally exhibit a positive response in

terms of ACSR to climate warming (Cheng and Yan, 2008; Zhang

et al., 2023). Research indicates that climate warming is more

favorable for broad-leaved trees as compared to subalpine

conifers, the latter is experiencing a decline in growth due to

standing encroachment (Cao et al., 2021). Climate warming can

greatly enhance the ACSR of birch, resulting in a distinct “v” shape

in the ACSR change. This is due to the fact that birch, as a pioneer

tree species, reaches its natural lifespan and experiences mortality

after a short period of increased ACSR, leading to a subsequent

decline in ACSR. At the community level, climate warming

negatively affected the ACSR of cold temperate coniferous and

temperate coniferous forests. In contrast, deciduous broad-leaved

forests exhibited a significant increase in ACSR as a result of climate

warming. The impact of climate warming on evergreen broad-

leaved forests was relatively smaller, which could be attributed to

their lower proportion in the region, resulting in a less

significant effect.
FIGURE 8

Spatial distribution of forest carbon stocks under different climate scenarios.
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Our study revealed that climate warming does not alter the

trend of ACSR at the landscape scale. After a brief increase, the

ACSR continues to decline. This decline may be attributed to

artificial plantations established after harvesting in this ecotone.

The current forest is in a young state and capable of ongoing carbon

sequestration. However, the natural mortality of uniformly planted

plantations leads to a significant reduction in ACSR (Wang et al.,

2016; Urbano and Keeton, 2017). At the landscape scale, the RCP8.5

scenario has exhibited certain positive effects on ACSR in this

ecotone. However, the RCP4.5 and RCP2.6 scenarios have resulted

in a decrease in ACSR compared to the current climate. This can be

attributed to a notable increase in ACSR of broad-leaved trees

resulting from the RCP8.5 scenario. The ACSR of broad-leaved

trees has experienced a significant rise due to climate warming.

However, under severe climate warming scenarios in the future, the

forest carbon stock in the area will be significantly diminished. This

is because spruce and fir forests, which represent the dominant

communities in our study region, cover the largest area and possess

the highest forest carbon sequestration capacity in this ecoregion

(Zhang et al., 2013). However, the climate warming scenario has

significantly suppressed the ACSR of spruce and fir, leading to a

decrease in forest carbon stock.

Our results do not aim to accurately predict the ACSR of this

transition ecotone under climate warming scenarios. Instead, the

experimental design and model results aim to uncover general

patterns of warming effects on carbon sequestration capacity

across different ecological scales through controlled experiments.

However, the experimental design does not consider certain factors

that undoubtedly influence species succession and carbon

sequestration capacity, such as increased frequency of fires in

warming scenarios, land use changes, and pests and diseases.

These limitations indicate a direction for future research. Previous

studies have examined the sensitivity and uncertainty of the

LANDIS-II model (Gustafson et al., 2010; Thompson et al., 2011;

Xiao et al., 2017), revealing that the model input is highly stable. To

minimize stochastic error, we conducted repeated simulations and

found minimal variability between these repetitions. Our study

yields reliable results that highlight the variations in forest ACSR

across different scales within the transitional ecotone of the eastern

Tibetan Plateau, under different warming scenarios. These findings

offer valuable insights for enhancing the forest carbon sequestration

capacity in the region.
5 Conclusion

In this study, the forest landscape model LANDIS-II was

utilized to simulate the effects of climate warming on the ACSR

of the eastern Tibetan Plateau Forest transition ecotone. Our results

demonstrated that climate warming significantly affects the ACSR

in this region. At the landscape scale, it was found that climate

warming did not have a significant impact on ACSR, however, the

RCP8.5 scenario led to an increase in forest ACSR, whereas the

RCP2.6 and RCP4.5 scenarios resulted in a decrease in forest ACSR.

The impact of climate warming on ACSR varied in different forest

types. In cold temperate coniferous forests and temperate
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coniferous forests, ACSR was significantly reduced. However, in

deciduous broad-leaved forests, ACSR increased significantly due to

climate warming. Evergreen broad-leaved forests in the study area

were found to be less responsive to climate change. At the scale of

tree species, the top communities in our research region, namely

spruce and fir, exhibited a significant decrease in ACSR as a result of

climate warming. Additionally, climate warming led to a decrease in

ACSR of other coniferous trees, with the exception of Chinese

hemlock. The response of broad-leaved species’ ACSR to climate

warming was mostly positive, particularly in the case of birch, where

there was a significant increase in ACSR due to climate warming. In

addition, the study found that a moderate increase in temperature

had a positive effect on the increase of forest carbon stock in the

area, however, a drastic increase in temperature had a significant

negative impact on the forest carbon stock in the study area. The

findings of this study provide valuable insights into the

connection between forest carbon sequestration capacity and

climate warming in the eastern Tibetan Plateau. Additionally,

these results have practical applications for promoting sustainable

forest management in the region in the coming years.
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Effects of elevated CO2

concentration and experimental
warming on morphological,
physiological, and biochemical
responses of winter wheat under
soil water deficiency

Zhijie Chang1, Lihua Hao1*, Yunze Lu2, Liang Liu1,
Changhua Chen1, Wei Shi1, Yue Li3, Yanrui Wang1

and Yinshuai Tian2*

1School of Water Conservancy and Hydropower, Hebei University of Engineering, Handan, Hebei, China,
2School of Landscape and Ecological Engineering, Hebei University of Engineering, Handan, Hebei, China,
3School of Earth Science and Engineering, Hebei University of Engineering, Handan, Hebei, China
Global climate change and freshwater scarcity have become two major

environmental issues that constrain the sustainable development of the world

economy. Climate warming caused by increasing atmospheric CO2 concentration

can change global/regional rainfall patterns, leading to uneven global seasonal

precipitation distribution and frequent regional extreme drought events, resulting

in a drastic reduction of available water resources during the critical crop

reproduction period, thus causing many important food-producing regions to

face severe water deficiency problems. Understanding the potential processes and

mechanisms of crops in response to elevated CO2 concentration and temperature

under soil water deficiencymay further shed lights on the potential risks of climate

change on the primary productivity and grain yield of agriculture. We examined the

effects of elevated CO2 concentration (e[CO2]) and temperature (experimental

warming) on plant biomass and leaf area, stomatal morphology and distribution,

leaf gas exchange and mesophyll anatomy, rubisco activity and gene expression

level of winter wheat grown at soil water deficiency with environmental growth

chambers. We found that e[CO2] × water × warming sharply reduced plant

biomass by 57% and leaf photosynthesis (Pn) 50%, although elevated [CO2] could

alleviated the stress from water × warming at the amount of gene expression in

RbcL3 (128%) andRbcS2 (215%). At ambient [CO2], the combined stress of warming

and water deficiency resulted in a significant decrease in biomass (52%), leaf area

(50%), Pn (71%), and Gs (90%) of winter wheat. Furthermore, the total nonstructural

carbohydrates were accumulated 10% and 27% and increased Rd by 127% and 99%

when subjected to water × warming and e[CO2] × water × warming. These results

suggest that water × warming may cause irreversible damage in winter wheat and

thus the effect of “CO2 fertilization effect” may be overestimated by the current

process-based ecological model.
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Introduction

Atmospheric CO2 concentration ([CO2]) has currently exceeded

420 µmol mol−1 with an increase rate of 2 µmol mol−1 from 280 µmol

mol−1 at the beginning of the industrialization era and will continually

be over 800 µmol mol−1 by the end of 21st century (IPCC, 2021). As a

result, the increased atmospheric [CO2] has resulted in a rapid rise in

global surface temperature over the past decades (Barlow et al., 2015;

Jin et al., 2017), even the average global temperature is predicted to

rise 2 to 6 °C depending on the concentrations of greenhouse gases

such as CO2 in the atmosphere (IPCC, 2021). It has been estimated

that global precipitation may decline under future climatic warming,

and meanwhile the spatial and temporal patterns of global/regional

precipitation distribution may also become uneven (Chun et al., 2011;

Zhang et al., 2020), thus drought and elevated temperature may

constrain plant growth and crop yield alone or in combination (Yu

et al., 2012), although elevated [CO2] generally facilitates plant growth

and promotes plant adaptation to climate change (Kirkham, 2011; Xu,

2015; Li et al., 2021). Unfortunately, simultaneous drought stress,

elevated [CO2] and elevated temperature has already occurred in

summer in many regions throughout the world, which is even more

detrimental to plant growth than either stress alone. Nevertheless, the

underlying response mechanisms of elevated [CO2] and elevated

temperature on crops such as winter wheat at different soil water

status are still unclear (Abebe et al., 2016; Fan et al., 2020; Zheng et al.,

2020), and thus these uncertainties not only restrict the capacity to

accurately predict agricultural carbon sequestration, but also limit

understanding of the potential impacts of climate change on

agricultural productivity (Ainsworth and Long, 2020; Muluneh, 2020).

It has been well demonstrated that various physiological,

biochemical, and molecular processes of plants are sensitive to

water deficiency, elevated [CO2], and elevated temperature alone or

the combination (Mirwais et al., 2006; Yu et al., 2012; Bencze et al.,

2014; Xu, 2015; Zheng et al., 2018; Duan et al., 2019a; Zheng et al.,

2020; Li et al., 2021). Elevated [CO2] generally promotes leaf

photosynthesis, plant growth, and crop yield through the “CO2

fertilization” effect with enhancing the ribulose-1,5-bisphosphate

carboxylase oxygenase (Rubisco) carboxylation efficiency (Arndal

et al., 2014; Niaz et al., 2020) and inhibiting leaf respiration rates

(Yu et al., 2012; Xu, 2015). For example, Duan et al. (2019a) found

that elevated [CO2] from 400 mmol mol−1 to 640 mmol mol−1

increased plant biomass, leaf area, and leaf number of Eucalyptus

tereticornis, which attributed to the enhanced net photosynthetic rate

and the reduced dark respiration. However, several recent studies

have reported that soil water status could modify the CO2 fertilization

effect on crops such as winter wheat (Zheng et al., 2020) and green

pepper (Fan et al., 2020) with changing leaf photosynthesis, stomatal

traits, and non-structural carbohydrates, which are generally regulated

by soil water availability and plant water status (Yu et al., 2012; Duan

et al., 2019a). On the other hand, water deficiency often results in

obvious reduction in leaf photosynthesis and plant biomass, and

elevated [CO2] may mitigate the negative effects of water deficiency

with regulating leaf photosynthesis, stomatal conductance, and leaf

transpiration (Fan et al., 2020), which are coupled with stomatal traits

such as stomatal density, stomatal openness, and the distribution

pattern of stomata (Xu, 2015; Zheng et al., 2020). Nevertheless, the
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underlying mechanisms and processes of elevated [CO2] alleviates the

effect of water stress on crops is remain unknown, thus studies focus

on these topics will help to fill the knowledge gap, and meanwhile

allow us to fully understand the impacts of water stress on global

agriculture productivity in a higher atmospheric [CO2] world.

Due to the elevated atmospheric [CO2], climate models have also

projected that water deficiency may also be accompanied by elevated

temperature, namely climate warming. It is well demonstrated that

many physiological processes of plants such as leaf photosynthesis

and respiration are strongly dependent on growth temperature and

soil/plant water status (Hatfield et al., 2011; Zhang et al., 2015). As a

result, elevated temperature and drought stress usually decrease leaf

photosynthesis and increase leaf respiration (Parry et al., 2003; Kurek

et al., 2007; Bencze et al., 2014; Duan et al., 2019b), and limit plant

growth and reduce crop yields when growth temperature and soil

water content exceed the optimum for plant growth (Salvucci and

Crafts-Brandner, 2004; Zhao et al., 2017; Hao et al., 2019). In

addition, the negative effects of water deficiency and heat stress on

plant growth and crop yield can be mitigated with elevated [CO2]

(Mirwais et al., 2006; Wei et al., 2018). Mirwais et al. (2006) show that

higher temperatures or drought inhibited many processes, while

elevated [CO2] partially mitigated some of the adverse effects, such

as total dry matter mass, net photosynthetic rate, and abscisic acid.

Many previous studies have investigated the mitigating effects of

elevated [CO2] on crop drought or warming, but the effect of high

[CO2] on crop leaf structure, physiological processes, and

biochemical synergistic responses to water deficiency and warming

has rarely been reported (Mirwais et al., 2006; Yu et al., 2012).

Winter wheat (Triticum aestivum L.) in the North China Plain

accounts for about 40% of the total arable land area and is one of the

most important foodstuffs for humans (Wang et al., 2016).

However, previous work predicted that the global climate has

warmed in recent years and that groundwater resources are scarce

(Tao et al., 2006), so not only warming and water deficiency may

directly affect winter wheat growth and development by altering

physiological and biochemical processes (Farooq et al., 2011; Zheng

et al., 2020), but water deficiency and warming may also indirectly

and synergistically affect grain yield of winter wheat as crop

phenology and growth stages change (Hatfield et al., 2011). Wall

et al. (2006) has shown that elevated [CO2] can increase the net

photosynthetic rate in winter wheat, alleviate warming or water

deficiency by reducing stomatal conductance and transpiration rate,

and improve crop water use efficiency (Keshav et al., 2014).

Meanwhile, elevated [CO2] can also inhibit the respiration

process and Rubisco oxygenation reaction in winter wheat, which

in turn increases the net photosynthetic rate (Li et al., 2004; Xu,

2015). Understanding the impact of elevated [CO2] on the

physiology of winter wheat in response to water deficiency and/or

warming alone or simultaneously has great potential for the

development of stress-tolerant germplasm and new practices.

Therefore, the objectives of this study were to observe (1) the

interactive effect of elevated [CO2], experimental warming, and

water deficiency on morphological traits and physiological

processes; (2) the relationships between gas exchange, stomatal

characteristics, leaf anatomical characteristics, non-structural

carbohydrates, and Rubisco gene expression under e[CO2] ×
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water × warming; and (3) to investigate whether elevated [CO2]

could mitigate the negative effects of water deficiency or warming

on winter wheat.
Materials and methods

Plant materials and experimental design

In the current study, a commonly cultivated variety (Shimai 15)

of winter wheat (Triticum aestivum) in the North China Plain was

selected as the research material. We firstly sowed six wheat seeds in

each plastic pot, where the height was 27 cm and the top and

bottom areas were 531 cm2 and 380 cm2, respectively. This large

volume at the bottom of pot was enough for root growth of winter

wheat plants. The soil in pots for sustaining plant growth was the

mixtures of yellow loam and nutrient soil with a volume ratio of 2:1.

In addition, the field capacity was 24.5% and the bulk density was

1.28 g cm-3 of soil. Then, four pots were set up to each of eight

environmental growth chambers (Model BDP-2000, Ningbo Prandt

Instrument Co., Ltd, China) to sustain plant growth with a

temperature regime of 21/16°C (day/night) and 1000 mmol m−2

s−1 photosynthetic active radiation, and 60%-70% relative humidity

for 30 days for establishing plant canopy and roots. The space inside

these environmental growth chambers (1.83 m high × 1.79 m long ×

0.68 m wide) was large enough for the growth of winter wheat.

Wheat plants were treated with a split plot design consisting of

three environmental factors (water, CO2 concentration, and

temperature), where watering was treated as the main plot, and

temperature and CO2 concentration were treated as subplots.

Therefore, wheat plants in the eight environmental growth

chambers were subjected to two water conditions, namely plants

in four environmental growth chambers were well-watered with

75%-80% field capacity as full irrigation, and plants in the other four

environmental growth chambers were treated as water deficiency

with 45%-50% field capacity. The soil water content in all pots were

measured with a Time Domain Reflectometry (TDR). The CO2

concentrations were controlled at two levels of 400 mmol mol−1

(ambient CO2 concentration, a[CO2]) and 800 mmol mol−1

(elevated CO2 concentration, e[CO2]), and growth temperature

treatments were 21/16°C (day/night, optimal growth temperature)

and 26/21°C (day/night, elevated growth temperature). Therefore,

the four environmental growth chambers subjected to full irrigation

or water deficiency were randomly allocated to four treatments

including Control (growth temperature is 21/16°C and CO2

concentration is 400 µmol mol−1), e[CO2] (growth temperature is

21/16°C and CO2 concentration is 800 µmol mol−1), Warming

(growth temperature is 26/21°C and CO2 concentration is 400 µmol

mol−1), and e[CO2] × warming (growth temperature is 26/21°C and

CO2 concentration is 800 µmol mol−1). In the current study, the

four pots planted with winter wheats in each environmental growth

chamber were treated as the biological replicates (n=4). The

photosynthetic active radiation was 1000 mmol m−2 s−1 with a 12-

h photoperiod from 8:00 to 20:00, and relative humidity was

controlled at 60%-70% in the eight environmental growth

chambers. Wheat plants were fertilized once a week with half-
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strength Hoagland solution during the 90-day treatment period.

Additionally, in the current study, we randomly changed the [CO2]

of each growth chamber to reduce the confounding effects from the

various environmental growth chambers while concurrently

shifting the treated winter wheat to the environmental growth

chambers with appropriate [CO2] monthly.
Measurement on leaf area, plant biomass,
and leaf anatomy

All leaves of the winter wheat from each pot were sampled and

leaf area was measured with a leaf area meter (LI-3100, LICOR,

USA). Then, all the winter wheat tissues (leaves, stems and roots)

from each pot were collected separately into paper bags, and dried

at 80°C to constant weight. The dry weight of wheat plants was

weighed using a high-precision electronic balance to finally obtain

total biomass.

We obtained leaf cross-sections of the middle part of leaves on

winter wheat with the paraffin section method of Sage et al (1995).

The anatomical features of the leaves were observed and

photographed under a microscopy and measured using Image J

software (NIH, USA). We measured the thickness of the leaf

mesophyll layer between the epidermal layers at five points in

each cross-section. Twenty well-defined cells of the palisade layer

and 20 cells of the spongy layer were randomly selected from each

leaf cross-sectional image to measure cell length, cell width, cell

area, and cell perimeter using the Auto CAD software.
Measuring stomatal traits

Leaves of three winter wheat plants were randomly selected in

each pot and stomatal imprints were collected by applying colorless

and transparent nail varnish to the middle of the adaxial and abaxial

for measuring the morphological traits of individual stoma during

10:00-12:00 am after 90-day treatments in the environmental growth

chambers. The slides of stomatal imprints were placed under a

photographic microscope for observation and photograph three

microscopic fields were randomly selected and then four

microscope photographs were taken from each field. We counted

the number of stomata in each photograph and then calculated

stomatal density on leaves of winter wheat, stomatal length, stomatal

width, stomatal perimeter, stomatal area, and stomatal shape index

were also measured and calculated with the AutoCAD 2010 software.

In this study, the center of stomatal openings on the surface of

winter wheat leaves was used as the focal point to further determine

the spatial distribution pattern of stomata on the leaves of winter

wheat. The micrographs characterizing the distribution of stomata

on the leaves were digitized in the same coordinate system by Arc

GIS 10.0 software to obtain the spatial coordinate values of each

stoma. Next, the point pattern analysis was estimated with Ripley’s

K-function, a cumulative density function using the second

moment of all point-to-point distances to evaluate two-

dimensional distribution patterns at different scales (Xu, 2015;

Zheng et al., 2020; Li et al., 2021). The results were plotted as
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Lhat(d) values, calculated as:

Lhat(d) =

ffiffiffiffiffiffiffiffiffiffi
K(d)
p

r
− d (1)

where K(d), which represents the surface area of a circle with

radius d, is the Ripley’s exponential function. When the pattern is

Poisson random, the Lhat(d) is an expectation of zero for any value

of d (Li et al., 2021). By executing a random distribution 100 times,

we used the Monte Carlo simulation to estimate the 95% boundary.

At a given scale of d, the Lhat(d) value for stomata randomly

distributed on the leaf surface should be within the 95% boundary.

If the Lhat(d) value is greater than the upper 95% boundary, the

stomata follow a cluster distribution, otherwise, the stomata follow a

regular distribution at the scale (Xu, 2015).
Measuring leaf gas exchange

Five individual mature leaves (second fully expanded leaf from

the top) were randomly selected from each treatment for measuring

leaf gas exchange with a portable photosynthesis measurement

system (LI-6400XT; LI-COR, USA) during 9:00-11:00 am after 90-

day treatments. Leaves were firstly placed into the leaf chamber to

determine the net photosynthetic rates (Pn), stomatal conductance

(Gs), and transpiration rates (Tr) at the light level of 1000 mmol

photon m−2 s−1 from a red-blue light source, which is the light

saturation point for leaves of winter wheat. The temperature in the

leaf chamber was set to 21°C (Control) or 26°C(warming) and the

CO2 concentration was controlled at 400 µmol mol-1 (a[CO2]) or 800

µmol mol-1 (e[CO2]) during the leaf gas exchange measurements on

winter wheat. We also calculated the leaf-level instantaneous water

use efficiency (WUEI) with the ratio of leaf Pn and Tr (Zheng et al.,

2020). Then, leaf dark respiration rate (Rd) was also determined from

the same leaves for measuring Pn. After leaf Pn measurements, we

turned off the red-blue light source in the leaf chamber of LI-6400XT,

and then measured leaf Rd at the same temperature and CO2

concentration as the Pn measurements in the leaf chamber.
Analyzing biochemical compositions

The dried leaves of winter wheat were ground to powders using

a ball mill, and then analyzed the contents of glucose, fructose,

sucrose, and starch according to the method of Hedrix et al. (1994).

In addition to nonstructural carbohydrates, leaf total carbon (C)

and nitrogen (N) were also determined with an elemental analyzer

(VarioMax CN, Elementary Corp. Germany).
Measuring enzyme activity and genes
expression of Rubisco

The enzyme activity of Rubisco was measured by the method

of Jiang et al. (2012). Moreover, we also analyzed the expression of

Rubisco coding gene RbcL3 and RbcS2 according to the method of
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Livak et al. (2001). Specifically, total RNA was extracted using an RNA

purification kit (Shanghai Shenggong Bioengineering Technology

Service Co., Ltd.), and first-strand cDNA was synthesized according

to the instructions of AMV first-strand cDNA synthesis kit (Shanghai

Shenggong Bioengineering Technology Service Co., Ltd.). The primers

for RbcL3, RbcS2, and actin were designed separately for amplification

using Primer Premier 5.0 according to the sequences in the Genebank

database. Specifically, the primer sequences for Rubisco key coding

gene RbcL3 were 5’-TAAATCACAGGCCGAAAC-3’ and 5’-GGCAA

TAATGAGCCAAAGT-3’. The primer sequence of RbcS2 is 5’-AGCA

ACGGCGGAAGGAT-3’ and 5’-GCTCACGGAAGACGAAACC-3’.

Subsequently, the expression of Rubisco coding gene was determined

using a fluorescent quantitative PCR instrument.
Statistical analysis

In the current study, we used a split-plot experimental design

with three factors: water deficiency, [CO2] and warming. The split-

plot three-way ANOVA was used to test the main effects of water

deficiency, [CO2] and warming on plant biomass, stomatal traits,

leaf gas exchanges, and biochemical compositions of winter wheat.

The homogeneity and normal distribution of variances assumptions

were evaluated before we ran the ANOVA analysis, and all of our

data passed the assumptions. Results were considered significant if

P ≤ 0.05. All statistical analyses were used SPSS 13.0 software (SPSS

Inc., Chicago, IL, USA), with all graphs produced in sigmaplot 10.
Results

The main effects of water deficiency,
e[CO2], and warming

We found negative impacts of soil water deficiency on winter

wheat, where the plant biomass and leaf area were decreased by net

photosynthetic rate. Furthermore, water deficiency treatment (D)

had negative effects on some morphological traits, such as total

biomass and leaf areas, stomatal parameters, and spatial

distribution pattern of winter wheat, more specifically
TABLE 1 Interactive effects of elevated [CO2] and experimental warming
on the biomass and leaf area parameters at different water conditions of
winter wheat.

Treatments Total biomass Leaf area

[CO2] p=0.940 p=0.347

Water p<0.001 p<0.001

Warming p<0.001 p=0.030

[CO2] × water p=0.272 p=0.004

[CO2] × warming p=0.055 p=0.028

Water × warming p=0.027 p<0.001

[CO2] × water × warming p=0.674 p=0.260
Note that the bold values indicate a significant effect on the indicators.
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D decreased total biomass and leaf areas (all p<0.001) and stomatal

regular patterns on abaxial of winter wheat (Table 1; Figures 1, 2B).

By contrast, water deficiency significantly increased the stomatal

width (p<0.001), stomatal area (p<0.001), and stomatal shape index

(SSI) (p<0.001) on the adaxial leaf surface (Tables 2, 3). Moreover,

water deficiency substantially decreased the net photosynthetic rates

(Pn), transpiration rates (Tr), stomatal conductance (Gs) (all

p<0.001), and intercellular CO2 concentration (Ci) (p=0.046),

while drastically increased the leaf dark respiration rates (Rd) of

winter wheat (p<0.001; Figure 3; Table 4). Water deficiency

significantly reduced the total soluble sugar content of winter
Frontiers in Plant Science 055655
wheat (p<0.05), which was mainly due to a significant decline in

sucrose content (p<0.05; Figure 4). Furthermore, water deficiency

enhanced the Rubisco activation state and soluble protein content

(Figure 5), but the initial Rubisco activity and total Rubisco activity

were markedly decreased by water deficiency. In addition, water

deficiency significantly increased the mesophyll cell perimeter

(p=0.002), mesophyll cell area (p=0.006), mesophyll cell length

(p=0.002), and leaf thickness (p<0.001; Table 7).

Elevated CO2 concentration (e[CO2]) increased stomatal

density on both leaf surfaces (all p<0.001) as well as enhanced the

stomatal area on the abaxial leaf surface (p=0.003) and the
B

A

FIGURE 1

Effects of elevated [CO2] and experimental warming on the biomass (A) and leaf area (B) at different water conditions of winter wheat. Note that the
black circle represents full irrigation, and the red circle represents water deficit. Values are means ± SD (n = 4). The symbol ** and *** indicate that the
significant difference between full irrigation and water deficit under e[CO2], warming, and e[CO2] × warming are p<0.01 and p<0.001, respectively.
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B

A

FIGURE 2

Effects of elevated [CO2] and experimental warming on the leaf spatial distribution pattern of stomata on the adaxial (A) and abaxial (B) surfaces at
different water conditions of winter wheat. (The upper 95% means the upper boundary of the 95% confidence envelope, the lower 95% means the
lower boundary of the 95% confidence envelope. The Lhat(d) value is the nearest neighbor distance, and stomata follow a regular distribution at the
scale when the Lhat(d) value is lower than the 95% boundary with the smaller the minimum Lhat(d) value, the more regular spatial distribution
pattern of stomata).
TABLE 2 Effects of elevated [CO2] and experimental warming on the stomatal density and morphological traits of individual stomata at different water
conditions of winter wheat.

Parameters Leaf
surfaces

Full irrigation Water deficiency
p-

valuesControl e[CO2] Warming e[CO2] ×
warming

Drought e[CO2] Warming e[CO2] ×
warming

Stomatal
density
(SD No. mm-2)

adaxial 29.2 ±
3.5

40.3 ±
8.1

38.5 ± 9.1 45.0 ± 10.1 32.5 ± 3.3 34.7 ±
3.4

38.5 ± 6.0 42.8 ± 4.5 p<0.001

abaxial 51.1 ±
5.4

64.8 ±
9.3

55.7 ± 6.1 60.4 ± 7.9 61.2 ± 5.4 60.1 ±
8.9

56.4 ± 7.6 47.6 ± 10.6 p<0.001

Stomatal
length
(SL mm)

adaxial 40.4 ±
4.0

38.0 ±
1.8

40.7 ± 3.1 38.9 ± 4.2 38.9 ± 5.2 40.3 ±
4.2

32.9 ± 4.7 38.1 ± 1.8 p=0.001

abaxial 37.0 ±
3.5

39.2 ±
6.0

39.1 ± 2.2 34.8 ± 1.8 38.9 ± 3.2 42.5 ±
2.6

34.9 ± 3.6 37.3 ± 2.4 p=0.001

Stomatal
width
(SW mm)

adaxial 4.1 ± 0.7 3.6 ± 0.5 5.1 ± 0.5 4.3 ± 0.4 4.7 ± 0.4 3.5 ± 0.1 3.4 ± 0.5 3.7 ± 0.9 p<0.001

abaxial 4.0 ± 1.3 4.1 ± 1.0 4.4 ± 0.3 3.9 ± 0.2 4.3 ± 0.5 3.5 ± 0.3 3.1 ± 0.6 3.4 ± 0.8 p=0.070

(Continued)
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regularity of stomatal distribution on the adaxial leaf surface

(Figure 2A), whereas decreased the stomatal width (p<0.001),

stomatal area (p=0.003) and stomatal shape index (p<0.001) on

the adaxial surface of leaves (Tables 2, 3). Furthermore, e[CO2]

substantially decreased leaf Gs (p=0.008) and Tr (p=0.014) mainly

due to the declines of stomatal area. As a result, the leaf-level

instantaneous water use efficiency (WUEI) was enhanced by e[CO2]

(p<0.001; Figure 3; Table 4), although Pn was barely affected under

e[CO2] (p>0.05; Figure 3; Table 4). Moreover, the soluble sugar

content was significantly reduced (p=0.015) under e[CO2], mainly

attributed to the decrease in fructose content (p=0.005), but e[CO2]
Frontiers in Plant Science 075857
marginally increased the leaf carbon content (p=0.017; Figures 4, 7;

Tables 5, 8). Meanwhile, Rubisco activation state and soluble

protein content of winter wheat under e[CO2] was obviously

higher than control (all p<0.05; Figure 5) due to the increase of

the amount of gene expression in RbcL3 and RbcS2 (all p<0.001;

Figure 6; Table 6). In terms of the anatomical traits, e[CO2] also

increased mesophyll cell length, but drastically decreased the leaf

thickness (all p<0.001; Table 7).

Our results also showed that experimental warming increased the

leaf area (p=0.030), stomatal length (p<0.001), stomatal perimeter

(p<0.001), and stomatal area (p=0.030), but decreased the total plant
TABLE 2 Continued

Parameters Leaf
surfaces

Full irrigation Water deficiency
p-

valuesControl e[CO2] Warming e[CO2] ×
warming

Drought e[CO2] Warming e[CO2] ×
warming

Stomatal
perimeter
(SP mm)

adaxial 85.2 ±
8.7

79.3 ±
4.0

86.6 ± 6.4 81.8 ± 8.5 82.5 ± 10.1 83.9 ±
8.4

69.9 ± 8.6 79.4 ± 6.4 p=0.001

abaxial 78.3 ±
8.3

83.1 ±
13.6

82.7 ± 4.3 73.4 ± 4.2 82.3 ± 6.6 88.8 ±
4.9

72.8 ± 8.4 78.6 ± 4.9 p=0.011

Stomatal area
(SA mm2)

adaxial 167.4 ±
54.0

129.5 ±
21.1

211.1 ±
29.2

162.8 ± 22.3 191.4 ±
34.3

129.1 ±
18.7

102.4 ±
30.3

122.9 ± 37.9 p<0.001

abaxial 146.4 ±
66.5

171.2 ±
68.2

174.1 ±
17.0

138.6 ± 16.1 167.9 ±
26.7

146.9 ±
10.2

111.5 ±
36.4

121.7 ± 26.2 p=0.123

Stomatal
shape
Index (SSI)

adaxial 0.15 ±
0.01

0.14 ±
0.01

0.17 ± 0.01 0.16 ± 0.01 0.17 ± 0.01 0.14 ±
0.01

0.14 ± 0.01 0.14 ± 0.01 p<0.001

abaxial 0.15 ±
0.02

0.15 ±
0.01

0.16 ± 0.01 0.16 ± 0.01 0.16 ± 0.01 0.14 ±
0.01

0.14 ± 0.01 0.14 ± 0.01 p=0.008
front
Note that the bold values indicate a significant effect on the indicators.
TABLE 3 Interactive effects of elevated [CO2] and experimental warming on stomatal parameters at different water conditions of winter wheat.

Stomatal traits SD SL SW SP SA SSI

[CO2] p<0.001 p=0.180 p<0.001 p=0.402 p=0.003 p<0.001

Water p=0.138 p=0.337 p<0.001 p=0.209 p<0.001 p<0.001

Warming p=0.142 p<0.001 p=0.120 p<0.001 p=0.030 p=0.313

Leaf surface p<0.001 p=0.360 p=0.156 p=0.404 p=0.462 p=0.881

[CO2] × water p<0.001 p<0.001 p=0.940 p<0.001 p=0.394 p<0.001

[CO2] × warming p=0.011 p=0.479 p=0.167 p=0.553 p=0.405 p=0.011

[CO2] × leaf surface p=0.042 p=0.724 p=0.026 p=0.427 p=0.027 p=0.006

Water × warming p=0.025 P=0.001 p<0.001 p=0.001 p<0.001 p<0.001

Water × leaf surface p=0.777 p=0.018 p=0.845 p=0.029 p=0.414 p=0.244

Warming × leaf surface p<0.001 p=0.343 p=0.221 p=0.227 p=0.148 p=0.824

[CO2] × water × warming p=0.297 P=0.069 p<0.001 p=0.040 p<0.001 p<0.001

[CO2] × water × leaf surface p=0.022 p=0.544 p=0.740 p=0.608 p=0.336 p=0.579

[CO2] × warming × leaf surface p=0.059 p=0.009 p=0.433 p=0.016 p=0.034 p=0.622

Water × warming × leaf surface p=0.019 p=0.565 p=0.020 p=0.483 p=0.046 p=0.051

[CO2] × water × warming × leaf surface p=0.450 p=0.605 p=0.837 p=0.505 p=0.984 p=0.557
Note that the bold values indicate a significant effect on the indicators.
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biomass of winter wheat (p<0.001; Figure 1; Tables 1–3). Moreover,

the stomatal distribution regularity on the adaxial surface was

enhanced by experimental warming (Figure 2). Similarly,

experimental warming increased the Pn (p<0.001), WUE (p=0.018),
Frontiers in Plant Science 085958
and Ci (p<0.001), while decreased the Tr (p<0.001), Gs (p=0.013), and

glucose content (p=0.042; Figures 3, 4; Tables 4, 5). The mesophyll cell

length, cell width, cell perimeter, cell area, and leaf thickness were also

magically reduced under experimental warming (all p<0.001; Table 7).
B

C D

E F

A

FIGURE 3

Responses of leaf net photosynthetic rates (A), transpiration rates (B), stomatal conductance (C), water use efficiency (D), respiration rates (E), and
intercellular CO2 concentration (F) to elevated [CO2] and experimental warming at different water conditions of winter wheat. Note that the black
circle represents full irrigation, and the red circle represents water deficit. Values are means ± SD (n = 4). The symbol *, **, and *** indicate that the
significant difference between full irrigation and water deficit under e[CO2], warming, and e[CO2] × warming are p<0.05, p<0.01, and p<0.001,
respectively; ns denote no significant differences in full irrigation and water deficit at 0.05 level.
TABLE 4 Interactive effects of elevated [CO2] and experimental warming on photosynthesis parameters at different water conditions of winter wheat.

Treatments Pn Tr Gs WUE Rd Ci

[CO2] p=0.361 p=0.014 p=0.008 p<0.001 p=0.946 p=0.917

Water p<0.001 p<0.001 p<0.001 p=0.551 p<0.001 p=0.046

Warming p<0.001 p=0.001 p=0.013 p=0.018 p=0.257 p<0.001

[CO2] × water p=0.021 p<0.001 p=0.001 p=0.108 p=0.007 p<0.001

[CO2] × warming p=0.185 p=0.774 p=0.343 p=0.170 p=0.049 p=0.091

Water × warming p=0.014 p=0.347 p=0.317 p=0.001 p=0.967 p<0.001

[CO2] × water ×warming p=0.197 p=0.195 p=0.423 p=0.274 p=0.268 p=0.081
Note that the bold values indicate a significant effect on the indicators.
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The interactive effects of water deficiency
and experimental warming

Experimental warming had a negative impact on plant

biomass (p=0.027), leaf area under water deficiency (all p<0.001;
Frontiers in Plant Science 096059
Figure 1; Table 1). Meanwhile, the stomatal density (p=0.025),

stomatal length (p=0.001), stomatal width (p<0.001), stomatal

perimeter (p=0.001), stomatal area (p<0.001), and stomatal

shape index (p<0.001) as well as the regularity of abaxial

stomatal spatial distribution pattern were also reduced under
B

C D

E F

A

FIGURE 4

Effects of elevated [CO2] and experimental warming on fructose (A), sucrose (B), glucose (C), starch (D), soluble sugar (E), and total NSC (F) at different
water conditions of winter wheat. Note that the black circle represents full irrigation, and the red circle represents water deficit. Values are means ± SD
(n = 4). The symbol *, **, and *** indicate that the significant difference between full irrigation and water deficit under e[CO2], warming, and e[CO2] ×
warming are p<0.05, p<0.01, and p<0.001, respectively; ns denote no significant differences in full irrigation and water deficit at 0.05 level.
TABLE 5 Interactive effects of elevated [CO2] and experimental warming on nonstructural carbohydrates at different water conditions of winter
wheat.

Treatments Fructose Sucrose Glucose Soluble sugar Starch TNC

[CO2] p=0.005 p=0.871 p=0.406 p=0.015 p=0.056 p=0.345

Water p=0.992 p<0.001 p<0.001 p=0.719 p=0.001 p<0.001

Warming p=0.042 p=0.067 p=0.114 p=0.346 p=0.405 p=0.639

[CO2] × water p=0.001 p<0.001 p=0.005 p<0.001 p=0.566 p=0.142

[CO2] × warming p=0.105 p<0.001 p=0.008 p=0.214 p=0.507 p=0.900

Water × warming p=0.314 p=0.008 p=0.053 p=0.590 p<0.001 p<0.001

[CO2] × water ×warming p=0.459 p<0.001 p=0.054 p=0.013 p=0.021 p=0.165
Note that the bold values indicate a significant effect on the indicators.
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experimental warming and water deficiency (Figure 2; Tables 2, 3).

Similarly, we also found negatively interactive effects of

experimental warming and water deficiency on leaf Pn

(p=0.014), WUE (p=0.001), and Rubisco activation state

(Figure 5) of wheat plants, although positive effects were

observed on leaf sucrose (p=0.008), starch (p<0.001), TNC

(p<0.001), and the amount of gene expression in RbcL3

(p<0.001) and RbcS2 (p<0.001) under experimental warming

and water deficiency condition. Moreover, experimental

warming significantly decreased the mesophyll cell length

(p=0.012), cell perimeter (p<0.001), cell area (p<0.001), and leaf

thickness (p<0.001) under water deficiency (Table 7).
The interactive effects of soil water
deficiency and elevated CO2 concentration

Our three-way ANOVA results showed interactive effects of

e[CO2] and water deficiency on the morphological traits of leaves

and stomata (all p<0.05). We found that e[CO2] significantly

increased the leaf area of winter wheat under water deficiency

(p=0.004; Figure 1; Table 1). Meanwhile, e[CO2] also increased the

stomatal density on the adaxial leaf surface, and the stomatal

length and perimeter on both leaf surfaces of winter wheat at

water deficiency condition (all p<0.001; Tables 2, 3). Moreover,
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e[CO2] substantially enhanced leaf Pn, Tr, and Gs by c. 30%

(p=0.021), 50% (p<0.001), and 20% (p=0.001) under water

deficiency, indicating the negative impacts of water deficiency

on winter wheat might be partially mitigated by e[CO2], which

could also be supported by the significantly interactive effects of

e[CO2] and water deficiency on leaf Pn (p=0.021), Tr (p<0.001),

and Gs (p=0.001) of winter wheat (Table 4). Furthermore, e[CO2]

and water deficiency also interactively affected leaf carbon

(p=0.007) and soluble sugar (p<0.001) with increasing leaf

fructose (p=0.001) and sucrose (p<0.001). In addition, the

expression amount of Rubisco coding genes were also

significantly affected by the interactions of e[CO2] and water

deficiency through enhancing the amount of gene expression in

RubcL3 (p<0.001; Figure 6; Table 6). Additionally, our ANOVA

results also showed significantly interactive effects on the

mesophyll cell width (p=0.017), cell perimeter (p<0.001), cell

area (p<0.001), and leaf thickness under [CO2] × water

(p<0.001; Table 7).
The interactive effects of elevated CO2
concentration and experimental warming

Our results showed that e[CO2] significantly decreased the leaf

area of winter wheat grown at experimental warming (p=0.028).
B

C D

A

FIGURE 5

Effects of elevated [CO2] and experimental warming on initial Rubisco activity (A), total Rubisco activity (B), Rubisco activity state (C), and soluble protein
(D) at different water conditions of winter wheat. Note that the black circle represents full irrigation, and the red circle represents water deficit.
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However, the stomatal density and regularity of stomatal

distribution pattern on the adaxial leaf surface was increased

under e[CO2] and experimental warming conditions (Figures 1, 2;

Tables 2, 3). Moreover, e[CO2] × warming reduced leaf sucrose

content (p<0.001; Figure 4; Table 5), but dramatically increased

leaf carbon (p=0.014; Figure 7; Table 8). Additionally, e[CO2]

decreased total Rubisco activity, mesophyll cell width (p=0.025)

and leaf thickness (p<0.001) under experimental warming

(Figure 5; Table 7).
Frontiers in Plant Science 116261
The interactive effects of elevated CO2
concentration, water deficiency and
experimental warming

We found significantly interactive effects of water deficiency,

e[CO2], and experimental warming on the morphological traits of

stomata such as stomatal width (p<0.001), stomatal perimeter

(p=0.04), stomatal area (p<0.001), and stomatal shape index (p<0.001;

Table 3). Meanwhile, the biochemical compositions in wheat leaves
B

A

FIGURE 6

Effects of elevated [CO2] and experimental warming on the amount of gene expression in RbcL3 (A) and RbcS2 (B) of Rubisco at different water
conditions in winter wheat leaves. Note that the black circle represents full irrigation, and the red circle represents water deficit.
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were also obviously changed under water deficiency, e[CO2], and

experimental warming as shown by their interactions on leaf sucrose

(p<0.001), starch (p=0.021), and soluble sugars (p=0.013; Figure 4;

Table 5) as well as leaf carbon (p<0.001; Figure 7; Table 8). In

addition to stomata and biochemical compositions, the expression

amount of Rubisco coding gene RbcL3 and RbcS2 as well as leaf

thickness were also interactively affected by water deficiency, e[CO2],

and experimental warming (all p<0.001).

Discussion

The interactive effects of water deficiency
and elevated [CO2]

The reduction in biomass and photosynthetic rate under water

deficiency may be due to stomatal limitation or non-stomatal
Frontiers in Plant Science 126362
limitation (Yu et al., 2012; Wang et al., 2017). The former is

typically caused by stomatal number, stomatal distribution

pattern, and stomatal opening (Fan et al., 2020; Zheng et al.,

2020), while the latter is attributed to metabolic disorders such as

imbalance of carbon sink and source or reduced carboxylation

efficiency due to reduced Rubisco activity (Parry et al., 2003;

Aranjuelo et al., 2011). In the current study, we found a c.29%

decrease in photosynthesis under water deficiency, mainly due to a

significant c.77% decrease in stomatal conductance, and the

increase in starch that inhibited the reduction phase of the Calvin

cycle (Figures 3, 4; Tables 4, 5) (Sheen, 1990). Significantly lower Gs

and Ci under water stress suggest that carboxylation efficiency may

be severely restricted by water deficiency, as reported by others

(Flexas et al., 2004; Yu et al., 2012).

Previous studies found that elevated [CO2] had a strong

“fertilization effect” on C3 plants because the current environment

did not reach the optimal CO2 concentration for photosynthetic

rates (Xu, 2015; Zheng et al., 2018), while Högy et al. (2013) showed

that increasing CO2 concentration by 150 mmol mol-1 barely affects

the growth and development of winter wheat. In the present study,

we found elevated [CO2] from 400 mmol mol-1 to 800 mmol mol-1

also did not affect biomass and Pn of winter wheat may be due to the

decrease of Gs. Nevertheless, elevated [CO2] did not interact with

water deficiency on plant biomass, elevated [CO2] alleviated Pn in

winter wheat under drought treatment, which was related to Gs,

metabolic activity, and anatomical structure. Results showed that

under e[CO2] × water, the reduction of Tr could suppress water loss

in winter wheat to ensure normal metabolism. Additionally, the

study found that elevated [CO2] allowed more photosynthetic

products to be stored in the form of soluble sugars when winter

wheat plants were subjected to water deficiency (Figure 3; Table 4),
TABLE 7 Effects of elevated CO2 concentration and experimental warming on leaf mesophyll cells at different water conditions of winter wheat.

Parameters Cell length Cell width Cell perimeter Cell area Leaf thickness

Full irrigation

Control 22.45 ± 2.10 17.47 ± 1.68 66.97 ± 6.65 332.16 ± 65.1 132.04 ± 9.00

e[CO2] 24.06 ± 2.54 15.94 ± 2.41 62.41 ± 8.97 286.88 ± 80.10 121.04 ± 5.83

Warming 20.78 ± 0.99 14.94 ± 1.28 64.13 ± 4.54 294.31 ± 37.78 102.10 ± 4.51

e[CO2]×Warming 22.23 ± 2.24 15.53 ± 1.22 63.01 ± 6.10 290.31 ± 61.50 125.67 ± 10.21

Water deficiency

Drought 24.18 ± 1.73 17.14 ± 1.7 71.51 ± 6.21 360.21 ± 54.40 157.60 ± 9.96

e[CO2] 26.66 ± 2.50 17.84 ± 1.94 77.16 ± 7.46 418.73 ± 75.31 130.62 ± 11.29

Warming 20.60 ± 1.15 14.54 ± 1.05 57.20 ± 3.55 236.72 ± 29.88 148.83 ± 9.70

e[CO2]×Warming 22.83 ± 2.37 15.92 ± 1.61 66.02 ± 5.30 313.16 ± 46.93 138.06 ± 8.98

[CO2] p<0.001 p=0.358 p=0.066 p=0.056 p<0.001

Water p=0.002 p=0.214 p=0.002 p=0.006 p<0.001

Warming p<0.001 p<0.001 p<0.001 p<0.001 p<0.001

[CO2]×water p=0.281 p=0.017 p<0.001 p<0.001 p<0.001

[CO2]×warming p=0.788 p=0.025 p=0.166 p=0.185 p<0.001

Water×warming p=0.012 p=0.207 p<0.001 p<0.001 p<0.001

[CO2]×water×warming p=0.955 p=0.245 p=0.956 p=0.599 p<0.001
Note that the bold values indicate a significant effect on the indicators.
TABLE 6 Interactive effects of elevated [CO2] and experimental warming
on the amount of gene expression of Rubisco at different water
conditions of winter wheat.

Treatments RbcL3 RbcS2

[CO2] p<0.001 p<0.001

Water p<0.001 p<0.001

Warming p<0.001 p=0.624

[CO2]×water p<0.001 p<0.001

[CO2]×warming p=0.178 p<0.001

Water×warming p<0.001 p<0.001

[CO2]×water×warming p<0.001 p<0.001
Note that the bold values indicate a significant effect on the indicators.
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which may indicate that elevated CO2 concentrations from 400

mmol mol-1 to 800 mmol mol-1 favored Rubisco carboxylation rather

than RuBP regeneration (Xu, 2015) may also partially explain that

the biomass was barely affected (Wong, 1990; Zheng et al., 2018).

Meanwhile, the nitrogen content in the leaves was not limited by

elevated [CO2] and water deficiency, which ensured photosynthesis

(Zong and Shangguan, 2016). Furthermore, we also found elevated

[CO2] concentrations alleviated photosynthesis probably associated

with elevated Rubisco activity as well as the amount of gene
Frontiers in Plant Science 136463
expression in RbcL3 and RbcS2 when plant under water

deficiency (Parry et al., 2003; Hou et al., 2021). In addition to

physiological factors, under water deficiency conditions, elevated

[CO2] significantly enlarged the mesophyll cell area, which largely

determined photosynthesis, as more chloroplasts could be

accommodated (Zheng et al., 2018).

Previous results showed that drought significantly increased plant

Rd c.24%, which may result in greater carbohydrate consumption (Yu

et al., 2012), while Rd decreased by 20% by doubling ambient [CO2]
B

C

A

FIGURE 7

Effects of elevated [CO2] and experimental warming on leaf carbon (A), nitrogen (B), and carbon nitrogen ratio (C) at different water conditions of
winter wheat. Note that the black circle represents full irrigation, and the red circle represents water deficit. Values are means ± SD (n = 4). The
symbol * and *** indicate that the significant difference between full irrigation and water deficit under e[CO2], warming, and e[CO2] × warming are
p<0.05, and p<0.001, respectively; ns denote no significant differences in full irrigation and water deficit at 0.05 level.
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(Drake et al., 1997). Our study found that under water deficiency, the

respiration rate was downregulated by 24.4% at elevated [CO2],

which facilitated the development of drought tolerance in winter

wheat and thus stored more carbohydrates.
The interactive effect of experimental
warming and elevated [CO2]

Several studies have shown that experimental warming may

promote plant growth by increasing photosynthesis in leaves while

inhibiting plant growth at high temperatures (Hatfield et al., 2011).

For example, Liu et al. (2020) showed that maize significantly

increased Pn, but decreased total biomass at 31°C, mainly because

its growth temperature was still at its optimal temperature and the

increase in Rubisco activity due to warming while Pn and total

biomass decreased at 37°C, probably due to the accumulation of

potent reactive oxygen species (ROS) at high temperature (Chen

et al., 2022). The interactive effects of temperature and elevated [CO2]

on plant growth are complex and tend to be multivariate (Liu et al.,

2020; Yu et al., 2012; Duan et al., 2019a). For instance, Yu et al. (2012)

found that elevated [CO2] mitigated the negative effects of

experimental warming (30°C) on tall fescue by reducing Gs (20%),

Rd (7%). However, Liu et al. (2020) concluded that elevated [CO2]

could not alleviate Pn and total biomass of maize under experimental

warming (31°C), while significantly enhanced plants Pn under high

temperature stress (37°C). In the present study, the growth

temperature of winter wheat was raised from 21 to 26°C, and plant

biomass was barely affected by the experimental warming, which was

directly supported by the slight variation in leaf photosynthesis.

Interestingly, the significant decline in plant biomass of winter

wheat due to e[CO2] × warming implies that wheat may be more

affected under future climate change with warming and elevated

[CO2] (Yu et al., 2012; Duan et al., 2019a; Wang et al., 2021). Our

results showed that the decrease in plant photosynthesis (19.5%) was

associated with the decrease in Gs (73%) and mesophyll cell area

(12.6%) and the increase in C/N (10%), although the increase in

WUE was due to a decrease in transpiration. Many studies found that

elevated [CO2] reduced soluble protein content and increased C/N of

winter wheat, which is consistent with our results (Wang et al., 2013;

Xu, 2015). And we observed that e[CO2] × warming significantly
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increased Rd in winter wheat, which was mainly from TNC depletion.

Overall, these results suggest that CO2 fertilization effects can be

reduced by warming, and therefore the risk of climate change to

global wheat yields may be underestimated.
The interactive effect of water deficiency
experimental warming and elevated [CO2]

The interactive effect of drought and warming under ambient

[CO2] is more detrimental for plant growth than stress alone, which is

consistent with the study of Yu et al. (2012). Previous studies have

shown that elevated [CO2] can alleviate water stress or heat stress

(Jagadish et al., 2014; Xu, 2015; Duan et al., 2019a; Zheng et al., 2020),

but our results show that the biomass and Pn of winter wheat further

decreased and C/N increased under the combined effect of elevated

[CO2], experimental warming and water deficiency, implying that the

combination of long-term water deficiency and experimental warming

resulted in irreversible physiological damage in winter wheat. Yu et al.

(2012) concluded that elevated [CO2] further reduced tall fescue Fv :

Fm (33%), Vcmax (8%), and Jmax (13%) under the combined effect of

experimental warming and water deficiency, suggesting that elevated

[CO2] may have played an additional negative effect under water ×

warming. Furthermore, in the current study, we observed that

osmoregulation is reduced when plants are subjected to stress and

nonstructural carbohydrates are not properly converted into structural

carbohydrates for plant growth. (Zheng et al., 2014). However, elevated

[CO2] significantly increased amount of gene expression in RbcL3 and

Rbcs2 under water × warming deficiency but slightly affected Rubisco

activity of winter wheat, which may be due to the plants were subjected

to irreversible combined stress caused by experimental warming and

drought (Aranjuelo et al., 2005; Yu et al., 2012). Overall, plants adapt to

stress by adjusting their growth, physiology, cellular and molecular

activities (Ahuja et al., 2010). Since winter wheat lacks vernalization in

the environmental growth chamber, we did not conduct further studies

on the effect of e[CO2] × water × warming on crop yield. It is worth

noting that the combined effects of e[CO2] × water × warming

deficiency on growth, physiology, and molecular mechanisms of

winter wheat may also be confounded with other factors such as

nitrogen deposition, phosphorus deficiency and, ozone concentration.

Therefore, to better predict the effects of climate change on wheat
TABLE 8 Interactive effects of elevated [CO2] and experimental warming on leaf carbon (C) and nitrogen (N).

Treatments Carbon Nitrogen C/N ratio

[CO2] p=0.017 p=0.205 p=0.552

Water p=0.627 p=0.461 p=0.776

Warming p=0.343 p=0.007 p=0.013

[CO2] × water p=0.007 p=0.994 p=0.845

[CO2] × warming p=0.014 p=0.021 p=0.087

Water × warming p=0.051 p=0.702 p=0.924

[CO2] × water × warming p<0.001 p=0.064 p=0.306
Note that the bold values indicate a significant effect on the indicators.
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production, further multifactorial experimental studies are necessary to

fully understand the mechanisms and processes between plant growth

and environmental changes.
Conclusions

We found that water deficiency and experimental warming

decreased the leaf Pn and Gs, but increased the nonstructural

carbohydrates, and thus reduced the biomass of winter wheat. In

addition, elevated [CO2] partially alleviated the stress in winter

wheat at the molecular level but could not alleviate the irreversible

damage to the plant caused by water deficiency × warming. Overall,

our results suggest that the synergistic effects of elevated [CO2],

warming, and water deficiency may reduce plant biomass and leaf

photosynthesis, thereby the global grain yield of winter wheat may

be reduced under future climate change.
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Introduction: A warming global climate is expected to perturb the hydrological

cycle, resulting in deviations in both frequency and duration of drought and thus

being hypothesized to lead to interannual variation in evapotranspiration (ET).

Interannual variation in ET in urban forest ecosystems in response to drought

remains poorly understood.

Methods: Here, ET in an urban forest reserve in the megalopolis of Beijing was

investigated using eddy-covariance measurements collected over six consecutive

years (2012–2017).

Results: The mean annual cumulative ET was 462 ± 83mm (±first standard

deviation), with a coe�cient of variation of 18%. Interannual variation in

both annual and monthly ET was shown to be largely controlled by canopy

conductance (gs), a�ected by environmental factors. The main factors a�ecting

interannual variation in monthly ET varied seasonally, namely, soil volumetric

water content (VWC) and normalized di�erence vegetation index (NDVI) in spring,

precipitation and soil temperature in summer, and VWC and net radiation (Rn) in

autumn. Interannual variation in annual ET was driven largely by spring and mid-

summer droughts induced by insu�cient precipitation during the non-growing

and mid-growing seasons, respectively. Spring drought reduced annual ET by

restricting leafing out, shortening growing season length (GSL), and reducing the

normalized di�erence vegetation index (NDVI). The summer drought reduced

annual ET by reducing stomatal conductance.

Discussion and conclusion: Results from this study point to the importance

of precipitation timing and volume and the soil moisture carry-over e�ect in

controlling interannual variation in ecosystem ET. Irrigation during the early spring

and mid-summer is viewed as a practical management measure for sustaining

growth and better ecosystem services in urban forests in Northern China.

KEYWORDS

drought, evapotranspiration, interannual variability, precipitation, urban forests

1. Introduction

Global climatemodels project an increase in climatic variability, includingmore frequent

extreme events in future (e.g., drought, convective and synoptic storms, and heat waves;

IPCC, 2014). The devastating effect of climate change is becoming increasingly apparent

in Northeastern China (Zhai et al., 2010). An increase in both the severity and frequency

of drought is expected to affect the hydrological cycle at regional-to-local scales. These
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changes may lead to disruptions in the energy balance and

ecosystem structure and functioning by, in part, influencing the

plant-mediated component of evapotranspiration (ET; Liu et al.,

2018). Evapotranspiration, as the second largest constituent of

the global hydrological cycle (Liu et al., 1998), shares in the

energy and nutrient exchange in ecosystems as well as other

important ecological processes (Miao et al., 2009). As a phase

change of water, the transformation of liquid water to water

vapor consumes energy. This process on large spatial scales can

benefit cities by restricting the level of warming attained (Jacobs

et al., 2015). Urban forest ecosystems in China, distinguished by

their distinct vegetation composition and structures (i.e., from

near natural or plantation), have been expanding during the past

decades because of the rapid expansion of urban spaces (Jim

and Chen, 2009; Chen et al., 2019). Through their reuse, the

amount of land use change from agricultural land or forest to

urbanized land can be reduced, and the cooling effect of urban

forest ET has been becoming critical (Ordónez and Duinker,

2014; Fan et al., 2019). However, many elements of water vapor

dynamics in urban forest plantations remain inadequate as they

concern the quantitative understanding of interannual variation

(IAV) in forest plantations, especially in relation to urban forests.

Therefore, understanding the role of environmental drivers in

ET is essential to characterize the ecosystem processes and

services (Hallegatte and Corfee-Morlot, 2011) as well as for the

proper assessment of regional and global water budgets in a

changing climate.

Evapotranspiration is still arguably the most uncertain eco-

hydrological variable in (i) the development of ecosystem water

budgets (Sun et al., 2016) and (ii) the understanding of ecological

impacts attributed to extreme climatic events (Vose et al.,

2016) as well as the effects of urbanization (Hao et al., 2015).

Evapotranspiration is controlled by numerous abiotic and biotic

factors, including solar radiation, air and soil temperatures,

soil water content, water vapor pressure deficit, leaf area

index (LAI), and leaf-level stomatal conductance, which are

all predicted to vary over a range of spatiotemporal scales.

Earlier studies have reported that ET in forest ecosystems has

considerable seasonal IAV. Intra-annual variation in ET and

its controlling mechanisms have been documented for many

ecosystems around the world (Chen et al., 2018). However, the

comprehension of IAV in ET and its controlling mechanisms

is currently inadequate (Xu et al., 2014), particularly in urban

forests. Generally, very little is known about how the ecosystem-

level ET of forest plantations responds annually to climate-

induced drought.

Some studies have found that IAV in ET was mostly

small relative to the year-to-year variation in annual rainfall.

Furthermore, IAV failed to be explained by any single

hydrometeorological parameter neither over the summer

(May–August) nor annually (Gielen et al., 2010; Launiainen,

2010; Kume et al., 2011; Tsuruta et al., 2016). Others have

found that IAV in ET is significant, which could not be ignored.

Several climatic factors have been identified as drivers of ET,

such as solar energy, temperature, and precipitation, through

their effect on plant phenology, growing season length, or

canopy structure (Tang et al., 2021; Xiang et al., 2023). Drought-

induced soil moisture deficits have been reported to be the

most important controlling factor of IAV in the ET of water-

limited ecosystems (Wilson and Baldocchi, 2000; Barr et al.,

2007; Thomas et al., 2009; Zha et al., 2010; Xue et al., 2012;

Saitoh et al., 2013; Vadeboncoeur et al., 2018) largely because it

triggers stomatal closure, suppression in leaf development, and

changes in phenology in drought-affected plants. Given more

extreme changes in the climate system, attaining a mechanistic

understanding of the long-term dynamics of ecosystem ET

is fundamental to acquiring an accurate prognostication of

future water cycling in urban plantations and addressing the

consequences of management decisions on the fate of large

urban forests.

It is hypothesized that precipitation amount and seasonal

distribution coincidental with drought are the most important

drivers of IAV in ET. To test this hypothesis, we analyzed a 6-year

record (2012–2017) of continuous ET data collected over an urban

forest reserve in Beijing, China. The measurement period covered

events of extremely low-to-high levels of precipitation as compared

to the past 50 years from 1961 to 2010. The specific objectives

of the research were to detect the major environmental variables

affecting ET annually and to examine the impacts of drought on

IAV in ET.

2. Materials and methods

2.1. Site description

The study site is located in Beijing Olympic Forest Park

(40.02◦N, 116.38◦E), Megalopolis of Beijing, China. It is the largest

urban forest park in Asia, with an area of 680 ha and vegetation

cover of ∼96%. The forest reserve is located in the middle of the

northeastern section of the park, an area committed to ecological

conservation and reclamation, with no open water or roads in

the area. Tourists are restricted from entering our research plot

in order to minimize human disturbance. The terrain is flat and

uniform. The soil is mainly of the fluvo-aquic type, with soil

porosity of 40.3%, pH of 7.8, and an estimated field capacity

and permanent wilting point of 26 and 10%, respectively. The

site is characterized by a temperate continental monsoon climate.

The 50-year annual mean temperature and annual precipitation

are 12.5◦C and 592mm, respectively. The seasonal distribution

of precipitation is highly uneven, with 80% of annual rainfall

falling from June to August. The plant species in the forest

reserve are endemic to the North China Plain. Tree species present

include Sophora japonica L., Fraxinus chinensis, Pinus tabuliformis,

and Platycladus orientalis. The understory consists mainly of Iris

tectorum and Dianthus chinensis. The tree stand density in 2015

is recorded to be ∼210 stems ha−1, with a mean tree height of

7.7m and a mean diameter at breast height of 20 cm. The cover

ratio of trees-to-shrubs is ∼7:3. Shrubs include Prunus davidiana,

Amygdalus triloba, Swida alba, and Syzygium aromaticum, with a

mean height of 2.8m. All trees in the reserve have shallow roots

with a depth of∼0.08–0.4 m.
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2.2. Flux, meteorological, and vegetation
measurements

Water vapor fluxes were measured at 12m above the ground

surface with an eddy-covariance (EC) system, consisting of a three-

dimensional sonic anemometer [CSAT3A; Campbell Scientific,

Inc., Logan, UT, USA (CSI)] and a closed-path infrared gas analyzer

(model EC155; CSI), which was calibrated once a month. The

EC flux measurements began in April 2011. Continuous high-

frequency data (at 10Hz) were collected and processed in the

calculation of 30min fluxes. Fluxes were subsequently recorded on

a datalogger (CR3000; CSI).

Hydrometeorological variables, including air and soil

temperatures (Ta and Ts,
◦C), relative humidity (RH, %), net

radiation (Rn, W m−2), precipitation (P, mm), and soil volumetric

water content (VWC, %) were measured simultaneously. Air

temperatures, relative humidity, and net radiation were measured

at 12m above the ground surface. Precipitation was measured

within an opening (unvegetated) area near the EC tower. Soil

volumetric water content and Ts were measured at a 10 cm depth at

five locations around the tower. Data for all hydrometeorological

variables were stored on a datalogger (CR3000; CSI). Further

details on instrumentation and sampling procedures can be found

in Xie et al. (2016) study.

To characterize land cover and temporal changes in the canopy

structure in response to climate variations, we used time series

processed images (i.e., image-pixel containing the EC tower)

of normalized difference vegetation index (NDVI; MOD13Q1

products) at 250m resolution downloaded from the Earth

Observing System Data Gateway. The images were downloaded

as 16-day composites covering the entire flux-measurement period

from 2012 to 2017.

2.3. Data processing and analysis

Post-processing was performed using the EddyPro 4.0.0

software (LI-COR Inc., USA), including spike removal, double

coordinate rotation, time delay corrections, frequency response

corrections, detrending (block averaging), and flux computation

(Burba, 2013). Half-hourly turbulent fluxes and meteorological

data were carefully controlled for quality and spurious data points.

Outliers were removed following the approach described by Papale

et al. (2006). Data gaps were filled using the standard method used

by the Fluxnet Canada Research Network (Amiro et al., 2006).

Three diagnostic variables, including the surface conductance (gs),

the Priestley–Taylor coefficient (α), and the decoupling coefficient

(Ω), were used to interpret the relative importance of biophysical

control on ET.

Variable gs of a dry surface mostly reflect the stomatal control

of plants on ET. The α-coefficient in the Priestley–Taylor model

can be viewed as a normalization of ET (Blanken et al., 1997),

which provides a comparison of measured ET to climatological

expectations. Usually, α ≥ 1 occurs in mesic ecosystems, indicating

sufficient water supply so that latent heat fluxes are limited by

available energy. In contrast, α < 1 occurs in semiarid and arid

ecosystems, where latent heat fluxes are limited by the availability

of soil water (Jia et al., 2016). Ω indicates the degree of canopy

decoupling from the bulk air, with Ω varying from 0 (completely

coupling) to 1 (decoupling), as the biological control on ET

becomes weaker as Ω approaches 1.

We estimated gs (mm s−1) by inverting the Penman–Monteith

equation (Monteith and Unsworth, 2007), such that

gs =
γ λEga

1 (Rn − G) + ρCpVPDga − λE (1 + γ )
(1)

where γ is the psychrometric constant (kPa K−1), 1 is the rate of

change of saturation water vapor pressure as a function of Ta (kPa

K−1), Rn is the net radiation (Wm−2), λE is the latent heat flux (W

m−2), G is the soil heat flux (Wm−2), ρ is the air density (kg m−3),

Cp is the specific heat of air (J kg−1 K−1), and VPD is the water

vapor pressure deficit (kPa).

The aerodynamic conductance (ga, in mm s−1; Monteith and

Unsworth, 2007) was calculated as

ga = (
u

u∗ 2
+ 6.2u∗

−0.67)
−1

(2)

where u∗ and u are the friction velocity and wind speed,

respectively, both given in m s−1. The Priestley–Taylor coefficient

(α; Priestley and Taylor, 1972) was calculated from

α =
1 + γ

1

λE

(Rn − G)
. (3)

Ω is calculated as (Jarvis and McNaughton, 1986)

� =
1 + γ

1 + γ

(

1+
ga
gs

) (4)

α, Ω, and gs were calculated based on non-gap-filled 30min

data from daytime hours (when PAR > 5 µmol m−2 s−1), during

periods when the soils were unfrozen, i.e., when Ts > 0.5◦C and for

days with no rain. The α, Ω, and gs values were aggregated to daily

means and longer periods.

2.4. Growing season and statistical analysis

Growing season length (GSL) was determined from the daily

mean gross ecosystem production time series, following procedures

reported by Zha et al. (2009). Growing seasons spanned DOY (day

of the year) 96–303, 104–298, 98–302, 108–302, 97–302, and 94–

297 for 2012–2017, respectively. Normally, tree leaf expansion and

coloration stages commence in April and October, respectively.

According to the seasonal variation in NDVI, we defined March

to June as the leaf expansion period, July to September as the leaf-

expanded period, and October to November as the leaf coloration

period. We defined the period from the previous November to

March of the following year as the non-growing season. Following

Xie et al. (2016), we defined drought as the occurrence of days when

VWC was <12.5% from March to November, March through May
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FIGURE 1

Daily mean. (A) Air temperature (Ta) and soil temperature (Ts), (B) net radiation (Rn) and vapor pressure deficit (VPD), (C) daily precipitation (P), (D) soil

volumetric water content (VWC), and (E) normalized di�erence vegetation index (NDVI) from 2012 to 2017. All data are non-gap-filled data. The red

dashed vertical line in plot (C) indicates intensive rainfall events and in plot (E) indicates the onset of the growing season. Gray-shaded bands in plots

(D, E) indicate periods of drought (i.e., VWC < 12.5% during spring to autumn).

as spring, June through August as summer, and September through

November as autumn.

Linear regression was used to examine the relationships

between ET and the target biophysical variables (i.e., Rn, Ts, VWC,

P, NDVI, and gs) at various timescales. To evaluate the contribution

of different phenological phases to the variability in annual ET,

the difference between the standard deviation of cumulative ET

from a given month or season and its preceding one (DstDev) was

calculated to quantify the contribution of each month or season

to the observed interannual variability of the ET. All statistical

analyses were performed in Matlab (The MathWorks, Natick,

MA, USA).

3. Result

3.1. Environmental factors

Variation in major environmental factors during the 6 years

is shown in Figures 1–3. Compared to the annual analysis, some

factors (i.e., monthly Rn, monthly VPD, monthly Ta, monthly Ts,

and monthly NDVI) were much more variable during the years

2012–2017 (Figure 2; Tables 1, 2). Interannual variation of monthly

mean Rnand monthly mean VPD were highest in June; monthly

mean Ts and NDVI were non-negligible in April (Figure 2). By

contrast, interannual variation of annual mean Ta, Ts, Rn, VPD,
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FIGURE 2

Box plot showing the interannual variation in (A) monthly evapotranspiration (ET), (B) main explanatory variables precipitation (P), (C) net radiation

(Rn), (D) normalized di�erence vegetation index (NDVI), (E) mean daytime surface conductance (gs), (F) soil volumetric water content (VWC), (G)

vapor pressure deficit (VPD), and (H) soil temperature (Ts) over the 6-year period (2012-2017). The red marks the part with the most variation.

and NDVI were imperceptible (Table 1). Annual mean Ta above

the canopy increased from 2012 to 2015 and then decreased slightly

over the remaining 3 years (2015–2017). The years after 2014 were

all warmer than the 50-year mean of 12.5◦C (1961–2010; Table 1),

showing a warming climate.

Precipitation regime and soil volumetric water content (VWC)

varied significantly both seasonally and annually at the site

(Figures 1C, D, 2B, F; Table 1). The VWC at 10 cm depth varied

with soil thaw in early spring and P amount (Figures 1C, D),

increasing abruptly in March or June with the start of the

rainy season and peaking in the middle of the growing season.

Interannual variation in monthly P and monthly mean VWC

were highest in July (Figures 2B, F). The mean annual total P

was 473.52 ± 168.54mm, with a CV of 35.6% (Table 1), and the

lowest and highest annual mean were 270.9 and 738.3mm in 2014

and 2012, respectively. The wet year 2012 had many irregular

and intensive precipitation events, with 24% of the annual total

P falling during a single summer rainfall event (i.e., 176mm on

DOY 203, dashed vertical line in Figure 1C). The year 2016 had

one intensive rainfall event with 172.3mm on DOY 202 (dashed

vertical line in Figure 1C), which accounted for approximately 31%

of the annual total P. In contrast, annual P in other years was

all below the 50-year mean, especially the dry years 2014 and

2015 with 311 and 268mm (Table 1). The dry year 2014 had the

lowest mean annual VWC of 10.4% among the 6 years (Table 1).

High spring VWC in 2013 was mainly caused by high non-

growing season P (∼99mm) during the preceding year (i.e., 2012;

Figures 1C, D).

Soils in late spring to early summer were generally dry over

the 6 years (Figure 1D). According to the number of consecutive

low VWC days during the growing season, 2012 had one extremely

dry soil period (DOY 125–176) in spring, with a mean VWC of

10.0%. The year 2013 had two extremely dry soil periods, one

in spring and one during the leaf coloration phase (i.e., DOY

134–157 and 286–334), with a mean VWC of 10.9 and 10.8%,

respectively. The dry year 2014 had three extremely dry soil

periods, one during each of the leaf expansion, leaf-expanded,

and leaf coloration phases (DOY 60–131, 190–210, and 270–330),

with a mean VWC of 9.9, 10.5, and 10.1%, respectively. The

dry year 2015 had three extremely dry soil periods, two during

the leaf-expansion phase and one during the leaf-expanded phase

(DOY 60–101, 137–167, and 187–199), with a mean VWC of

8.8, 10.2, and 11.5, respectively. The year 2017 had one dry soil

period during the leaf expansion phase (DOY 105–172), with

a mean VWC of 11.1%. There was no dry soil period in the

year 2016.

3.2. The interannual variation in ET

Both monthly and annual ET varied significantly among years

at the site (Figures 2A, 3A). Interannual variation of monthly ET

was highest in June (Figure 2A). Over the 6 years, annual ET was

highest in 2016 and lowest in 2015. Themean annual ET was 462.17

± 83.58mm, with a CV of 18% (Table 1).

Over the 6 years, monthly ET was positively correlated to

P in July (Figure 4A), to Ts in August (Figure 4F), to Rn in

September (Figure 4C), and to gs in all months during the leaf-

expanded period (with p’s < 0.05; Figure 4H). Total ET over

the spring and autumn were both positively correlated to mean

VWC over the corresponding period (p’s < 0.05; Figure 5),

with a higher sensitivity in spring than autumn. Over the 6

years, annual ET values were positively correlated to annual

total P, especially P in July (Figure 6) and the non-growing

season (November through March; n = 5, p < 0.05, R2 = 0.98;

Figure 7A).
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FIGURE 3

Seasonal variations in site (A) daily evapotranspiration (ET), (B) mean daily daytime Priestley-Taylor coe�cient (α), (C) mean daytime surface

conductance (gs), and (D) mean daily decoupling coe�cient (�) for years 2012-2017. Gray-shaded bands indicate periods of drought (i.e., when

VWC < 12.5%).

3.3. Water balance

Cumulative ET showed a seasonal trend similar to cumulative

P (Figure 8). Cumulative P exceeded cumulative ET on DOY

203 in 2012 and DOY 182 in 2013, remaining greater than

the cumulative ET until the end of the year (Figures 8A, B),

yielding annual cumulative difference between P and ET (i.e.,

P and ET) of 176 and 85mm, respectively. In contrast, 2014

and 2015 provided cumulative ET greater than cumulative

P after DOY 146, yielding annual cumulative P and ET of

−135 and −72mm, respectively (Figures 8C, D). During 2016

and 2017, annual cumulative ET approximately equaled that

of P, with most rainfall refilling the soils in mid-summer

(Figures 8E, F).

3.4. Impacts of drought on
evapotranspiration

Daily ET decreased during dry periods (Figure 3). Daily α, Ω,

and gs displayed a trend similar to that demonstrated by ET. The

extended dry spell in 2014–2015 led to an analogous reduction in

annual ET, α, Ω, and gs (Table 1), causing a substantial decline

in the cumulative difference between P and ET (Figure 8). Mean

annual ET for the dry year 2014 and 2015 (∼292mm yr−1) was

30% lower than the non-drought year in 2016 (∼565mm yr−1).

Accordingly, the derived parameters α and gs also showed large wet-

dry contrasts, with dry vs. wet year reductions of 29% (α), 35% (Ω),

and 35% (gs). The shorter duration of spring drought led to annual

ET being higher (Figure 9).
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TABLE 1 Annual mean air temperature (Ta, ◦C), soil temperature (Ts, ◦C), net radiation (Rn, W m−2), vapor pressure deficit (VPD, kPa), and soil volumetric

water content (VWC, %), annual total precipitation (P, mm), evapotranspiration (ET, mm) and growing-season (from May to October) normalized

di�erence vegetation index (NDVI), midday (10:00–14:00 h, LST = GMT + 8) surface bulk parameters (gs, mm s−1 and α) and growing-season length

(GSL, days).

Year ET NDVI Ta Ts Rn P VPD VWC gs α Ω gso gse GSL

2012 562.13 0.75 11.97 11.18 84.28 738.3 0.83 14.25 4.66 0.76 0.19 96 303 207

2013 390.6 0.75 12.41 11.01 81.75 475.6 0.81 13.93 3.42 0.58 0.15 104 298 194

2014 404.6 0.73 12.8 11.48 79.82 270.9 0.95 10.42 3.04 0.56 0.12 98 302 204

2015 386.17 0.75 13.28 12.31 91.63 314.4 0.92 13.06 3.53 0.57 0.14 108 302 194

2016 565.72 0.74 13.09 11.93 88.62 543.8 0.94 13.45 5.04 0.80 0.20 97 302 205

2017 463.79 0.73 13.05 12.26 89.03 498.1 0.95 14.72 3.51 0.58 0.15 94 297 203

Mean 462.17 0.74 12.76 11.69 83.23 473.52 0.9 13.31 3.87 0.64 0.16 99.5 300 201

SD 83.58 0.01 0.49 0.55 4.7 168.54 0.06 1.53 0.79 0.11 0.03 5.36 2.50 5

CV 0.18 0.01 0.04 0.05 0.06 0.36 0.07 0.11 0.20 0.17 0.17 0.05 0.01 0.02

4. Discussion

4.1. Interannual variation of annual ET

Our study demonstrated that the annual P, especially P in

the non-growing season and July controlled the IAV of ET

(Figures 6, 7A). This result supports the hypothesis that long-

term, local-scale ET is generally sensitive to the IAV of P in

water-limited environments (Fatichi and Ivanov, 2014). It was also

consistent with previous findings that soil water replenishment

through P during the non-growing period of the previous year

and mid-growing season significantly affected current-year ET and

was largely responsible for the interannual variation observed in

ET in temperate forest ecosystems (Ma et al., 2018). Precipitation

in different periods may affect annual ET through different

mechanisms. Since the water availability in pre- and early-growing

seasons was confirmed to be essential for the growth of forests

in water-limited regions of temperate China (Wu et al., 2009,

2016), P in the non-growing season and leaf expansion period

could primarily affect annual ET by its regulation on canopy

development. At our site, we found that P in the non-growing

season could provide higher spring soil moisture content that can

benefit spring canopy formation (Supplementary Figure S1) and

make a higher spring ET (Figure 5A). The result is comparable

to the results obtained by previous research, which showed a lag

effect of P on ET in temperate China (Xu et al., 2014). Notably, too

much P during the non-growing season might lead to a decrease

in spring ET. According to some reports, a wet winter can delay

the growing season start and affect vegetation growth due to its

effect on absorbed radiation energy and growing degree days of

boreal forests at high latitudes (>40◦N) (Piao et al., 2011; Fu

et al., 2014; Yun et al., 2018), it is reasonable to assume that

P (99mm) during the non-growing season of 2012 caused the

highest spring VWC but lower Ts, Rn (Table 2), leading to a

delayed growing season start and restricted canopy development

in early spring (Figures 1E, 5A), reducing days with abundant

light and active vegetation, thus a lower spring ET (Figure 5A)

of 2013.

After the canopy completed construction (July to September),

our result showed that ET was positively related to P in July

(ETJuly to Sep = 0.27PJul + 184.5, R2 = 0.69, p < 0.05) but not to

P during July to September (ETJuly to Sep = 0.21PJul to Sep+172.1, R2

= 0.50, p= 0.12> 0.05), indicating that the effect of P in July played

a more important role than P in later months in regular ET during

the leaf expanded period. This may have occurred for the following

reasons. First, as the cumulative P–ET was always negative before

July (Figure 8), P in July contains 45% of annual P in mid-summer

non-drought years (Figure 5B; Table 2), and it is very important

to supply soil water during the leaf expanded period. Our result

also showed that P in July could explain 50% of the variation in

VWC during the leaf expanded period (n = 6, R2 = 0.5). Second,

in instances of a more favorable water supply, ET becomes more

constrained by atmospheric demand (Liu et al., 2018), and rainfall

may offset the positive effects of available energy on increasing

ET (Ryu et al., 2008; Kume et al., 2011). August and September

had the highest mean monthly α, and Ω and relatively higher

VWC during the 6 years (Figures 1D, 3, 4E; Table 2); more mild,

longer duration P might lead to lower Rn and soil temperature,

resulting in an uncertain effect of P amount on ET. That is the

reason why the forest showed a strong interannual response of

monthly ET to P for July but not for other summer months

(Figures 4A, 6). Thus, the large variability of P at the onset of the

monsoonmay lead to IAV in the ET during the whole leaf expanded

period in forests of Northern China. The results suggest that ET

in our forest may be affected by possible changes in the rainfall

regime. These observations together suggested the importance of

the amount, intensity, and timing of precipitation control on IAV

of ET.
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TABLE 2 Seasonal variation in evapotranspiration (ET), daytime Priestley–Taylor coe�cient (α), and main meteorological variables for years 2012–2017.

Variable Year Month

Mar Apr May Jun Jul Aug Sep Oct

ET (mm) 2012 16.30 50.98 79.08 76.21 110.52 102.25 67.89 36.10

2013 10.00 28.70 51.46 48.06 85.20 88.47 42.45 19.87

2014 6.08 28.26 58.09 99.77 79.89 72.16 37.26 11.72

2015 6.94 18.00 55.43 47.97 62.46 97.10 59.05 32.05

2016 11.48 41.68 84.61 102.02 88.07 123.59 74.79 26.65

2017 12.93 40.55 66.85 99.31 75.48 88.05 59.18 14.46

α 2012 0.30 0.59 0.70 0.78 0.95 0.90 0.69 0.70

2013 0.21 0.32 0.50 0.62 0.69 0.74 0.54 0.50

2014 0.12 0.36 0.51 0.80 0.67 0.65 0.47 0.51

2015 0.13 0.24 0.47 0.47 0.58 0.76 0.68 0.47

2016 0.19 0.40 0.74 0.82 0.87 0.99 0.84 0.74

2017 0.25 0.41 0.54 0.54 0.64 0.71 0.64 0.54

Ts (
◦C) 2012 2.08 13.27 18.77 21.62 24.61 23.64 19.24 13.23

2013 1.56 9.74 17.32 20.68 23.97 24.00 19.16 13.14

2014 6.87 14.92 17.61 21.22 24.57 23.20 19.31 13.69

2015 5.76 13.31 17.92 21.54 23.35 23.82 19.42 13.98

2016 3.98 13.38 17.23 21.67 24.29 24.64 20.36 13.89

2017 6.00 14.31 19.78 21.35 25.16 24.00 20.63 13.72

VPD (kPa) 2012 0.62 1.16 1.66 1.36 1.19 1.14 0.96 0.78

2013 0.59 1.04 1.54 1.04 1.21 1.23 0.77 0.63

2014 0.93 1.25 1.75 1.29 1.95 1.44 0.88 0.62

2015 0.91 1.19 1.63 1.54 1.37 1.33 0.86 0.76

2016 0.92 1.32 1.62 1.64 1.32 1.37 0.99 0.47

2017 0.80 1.43 1.86 2.07 1.21 1.09 1.05 0.47

VWC (%) 2012 11.52 13.47 10.63 12.41 23.22 20.63 18.71 13.13

2013 15.73 18.24 12.52 16.20 21.60 18.36 16.95 12.28

2014 9.68 9.97 11.31 14.08 11.49 13.22 13.02 10.31

2015 8.30 12.42 11.35 12.38 17.55 18.24 16.94 13.31

2016 13.40 12.08 11.48 13.20 16.82 17.62 13.06 16.13

2017 13.30 12.45 11.02 10.72 23.25 23.16 16.06 16.88

P (mm) 2012 14.30 33.60 12.00 99.30 364.00 40.10 80.80 16.40

2013 17.20 8.60 2.50 92.20 200.70 90.10 52.20 7.70

2014 1.2 12.40 28.40 82.80 34.70 36.60 57.00 11.50

2015 0.9 35.20 31.60 9.50 74.20 44.90 53.10 12.50

2016 0.00 6.60 35.50 81.60 248.20 47.20 44.10 64.10

2017 12.40 0.30 21.50 12.00 218.40 165.10 1.10 64.70

Rn (W m−2) 2012 74.01 101.01 136.91 121.61 129.88 128.54 109.87 67.09

2013 67.96 119.77 126.46 98.68 134.61 134.12 106.09 64.88

2014 77.13 104.44 138.53 152.56 135.93 127.28 80.38 55.57

2015 82.55 120.43 145.18 138.33 135.64 143.76 104.09 65.69

2016 86.90 122.30 139.84 150.43 121.65 136.27 106.39 60.55

2017 78.43 125.17 153.03 159.53 140.36 141.92 110.33 51.47
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FIGURE 4

Interannual relationships between monthly ET (mm) and respective main explanatory variables (A)monthly P (mm), (B)monthly mean air temperature

(Ta), (C) monthly mean net radiation (Rn), (D) monthly mean vapor pressure deficit (VPD), (E) monthly mean soil volumetric water content (VWC), (F)

monthly mean soil temperature (Ts), (G) monthly mean NDVI and (H) monthly mean daytime surface conductance (gs) from May to October across

years (2012–2017; n = 6 for each month and n = 36 for each plot). Solid lines are fitted line (p < 0.05) and dash lines are fitted line (p < 0.01).

FIGURE 5

Interannual relationships between (A) ET (mm), NDVI, and VWC during spring (i.e., March to May) and (B) between ET (mm) and VWC (%) during

autumn (i.e., September to November). The solid line is the fitted line (p < 0.05).

4.2. Interannual variation in ET in relation to
drought

The 6-year study (2012–2017) provided an opportunity to study

the interannual responses of ET to drought. Drought events at

the site occurred randomly at any phenophases and decreased the

ET (Figure 1) whenever they happened. However, the mechanism

and extent to which drought-affected annual ET differed with the

timing and duration of drought occurrence.

In previous temperate forest studies, soil drought due to

seasonal and interannual variations in rainfall could be a

determining factor for interannual variations in ET due to stomatal

closure or leaf fall (Wilson and Baldocchi, 2000; Thomas et al.,

2009). Spring drought has been reported to suppress canopy

development in a deciduous temperate forest (Noormets et al.,

2008). At our study site, we found that the values of spring

NDVI in years with spring drought were lower than the year 2016

(Figures 1E, 5A), while ET during spring had a positive relationship
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FIGURE 6

Responses of annual total evapotranspiration (ET) to precipitation

(P) across 2012–2017. The figure presents significant correlations

between P and ET. The correlations for individual months are shown

as diagonal, whereas consecutive seasons starting in a given month

extend upward. The blank square indicates correlations that were

not significant (p > 0.05). Small and capital letters refer to the

previous and current years.

with spring NDVI (p = 0.06, R2 = 0.65) and IAV in annual

ET (p < 0.05, R2 = 0.96; Figure 7B). This might indicate that

the drought in spring can hinder canopy development and might

result in an overall reduction in annual ET. As the photosynthetic

structure in the leaf is determined by conditions at the time of leaf

development (Kull and Tulva, 2002), the spring droughtmight have

a detrimental effect on the canopy development of the growing

season. That appears to be why the mean value of NDVI during

the leaf expanding period was positively related to spring NDVI

(y = 2.28 x – 0.97, n = 6, R2 = 0.71, p < 0.05). As gs depends

on leaf area index (LAI) and leaf-level stomatal conductance,

reduced NDVI can lead to suppressed gs, and thus ET (Figure 7D).

The drought in spring may also affect annual ET by regulating

plant phenology. Some studies found that drought happening in

spring or autumn can influence the lifespan of annual deciduous

and grassland in temperate regions, thus affecting growing season

length and regulating days with active vegetation and IAV in annual

ET (Wilson and Baldocchi, 2000; Ryu et al., 2008; Thomas et al.,

2009; Zha et al., 2010). Our study also showed that the GSL had

a positive influence on annual ET (Figure 7C). The variability of

the onset date exceeded that of the end (Figure 8; Table 1) and the

variability in the NDVI during the onset of the growing season

exceeded that during the end of the growing season (Figure 2D) due

to soil water replenishment through P during the summer month

and less soil moisture deficit during the autumn (Figures 1C, D).

As a result, ET was shown to be more sensitive to the availability

of soil moisture during the onset of the greenness period than the

transition to the senescence period (Figures 2, 5). Consequently,

due to the monsoon circulation features (soil water replenishment

through P in summer), the variability in the intensity of drought in

spring may play a more important role in regular GSL and annual

ET than that in autumn in temperate forest ecosystems. The more

intense spring drought may lead to lower annual ET. Our result

is that the most severe early spring drought in 2015 came with

the lowest VWC in March (Table 2), leading to the latest date of

onset, the shortest GSL; adding days with inactive vegetation and

the lowest annual ET over 6 years (Figures 1D, E, 7C) can further

support this.

We found that low P in mid-summer coincided with extreme

drought and low ET during July to September, which occupied

52% of annual ET on average, particularly in 2014 (Figure 1D;

Table 2). During the mid-summer, Ta and Rn reached their

maxima, and water supply was substantially limited (Figures 1D,

8). Drought during the mid-growing season has been reported to

reduce both photosynthetic capacity and transpiration, resulting in

inhibited plant growth, earlier canopy senescence, self-protection

by stomatal regulation against water losses, and limited ET

(Restrepo and Arain, 2005; Yang et al., 2016). At our site, the

NDVI showed little variability (Figures 2D, 4G) and decreased

slightly during the mid-growing season drought in 2014 and 2015

(Figure 1E). More importantly, we found that lower P coupled

with higher Ta and VPD, which can induce higher stomatal

closure (Barron-Gafford et al., 2007), lead to suppressed gs and

ET (Figures 4A, B, D; Table 2). This result is comparable to the

results obtained by previous research, showing that the suppression

of ET by summer drought was not related to early canopy

senescence but resulted primarily from reductions in stomatal

conductance in deciduous forests in temperate regions (Zha et al.,

2010).

We conclude that the timing of drought can affect annual

ET in different ways and that spring drought primarily affects

ET by restricting leafing out and canopy development, while

summer drought primarily reduces stomatal conductance in this

region. However, to compare the effect of drought in different

periods on annual ET, longer (decade scales) time series and a

wider range of VWC and P conditions are needed. In fact, the

data suggest that the variations of ET during spring appear to

have had a smaller contribution to IAV in annual ET in this

study (Supplementary Figure S2A) in part because of the smaller

proportion of spring ET (<25%) in the annual total. However,

the result that IAV in ET during spring and summer were both

the primary factors determining the IAV in annual total ET

(Supplementary Figure S2A) and IAV of annual ET being more

sensitive to IAV of spring ET (Supplementary Figure S2B) may

indicate that the variability in the intensity of drought in spring

may have played a more important role in regular annual ET than

summer drought. Moreover, the extended duration of the spring

drought resulted in reduced annual ET (Figure 9), indicating that,

in addition to its immediate negative impact on ET during spring,

the spring drought may also have a more prolonged carryover effect
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FIGURE 7

Annual total evapotranspiration (ETAnnual) as a function of (A) non-growing season precipitation (PNGS), (B) spring ET (ETSpring), (C) growing season

length (GSL), and (D) growing season canopy conduction (gs) over 2012–2017. The dashed line is the fitted line (p < 0.05).

FIGURE 8

Annual cumulative evapotranspiration (ET, black solid lines), precipitation (P red line), and their di�erences (P-ET, blue dashed lines) for years

2012-2017. i.e., (A) year 2012, (B) year 2013, (C) year 2014, (D) year 2015, (E) year 2016, and (F) year 2017, respectively. Vertical dot line represents

start and end of growing season.
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FIGURE 9

Drought period (seasons) and their duration in days and the interannual relationships between annual ET and the number of dry days in spring over

2012–2017. The dashed line is the fitted line (p < 0.05).

on annual ET compared to the summer drought. Some studies

have reported that an earlier spring uses the soil water reservoir

sooner, which leads to summer drought in the northern hemisphere

(Angert et al., 2005). In the context of climate change that less

precipitation occurs as winter snow in temperate regions, without

enough water supply fromwinter snowfall and/or seasonally frozen

soil (Wu et al., 2018), forests across temperate China might

become more vulnerable to changing hydrological processes and

intensified drought stress. Thus, irrigation during early spring

is viewed as a practical and efficient management measure for

sustaining tree growth and ecosystem services in urban forests of

Northern China.

5. Conclusion

We arrived at the following conclusions with regard to our

leading hypotheses based on 6 years of EC measurements in an

urban forest in Northern China. First, the interannual variation of

both annual ET and monthly ET was controlled by gs modified by

environmental factors. The interannual variation of annual ET was

significantly influenced by non-growing season and mid-growing

season precipitation. However, the main controlling factors on the

interannual variation of ET differed seasonally, namely, VWC and

NDVI in spring, precipitation and Ts in summer, and VWC and

Rn in autumn. Second, our results emphasized the importance of

the timing and duration of drought in controlling the interannual

variation of ET in this urban forest. Drought during the leaf

expansion period reduced annual ET by restricting leafing out

and canopy development, while drought during the expanded

period reduced ET by reducing stomatal conductance. We also

found that although autumn droughts may reduce ET, their

contribution to the interannual variability of ET is less important

than spring and summer droughts. Overall, this study emphasized

the importance of the seasonality of the precipitation pattern in

controlling interannual variation in ET in urban forests. Irrigation

support in early spring and mid-summer is an effective measure for

sustaining tree growth and ecosystem services in urban forests of

Northern China.
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deeper roots can be utilized by shrubs and herbs with shallower beneficial for root growth of plant. Novák and Knava (2012) found

Jiang et al. 10.3389/fpls.2023.1275464
roots through hydraulic lift (Yu and D'Odorico, 2015; Barron-

Gafford et al., 2021). However, some studies shown that root depth

is not directly associated with water uptake depth, since the water

uptake of plants depended mainly on active roots (Ehleringer and

Dawson, 1992; West et al., 2007). Therefore, it is very essential to

determine the relationships between root distribution and water use

of plants amongst life forms. In addition, intraspecific or

interspecific competition also can affect the distribution of fine

root and water utilization. Also, roots of trees that grown with

understory vegetations was deeper than those without competition,

while roots of herbs that grown with shrubs are mostly distributed

in shallow soil (Rolo and Moreno, 2012; Cardinael et al., 2015).

Similarly, sea-buckthorn in a mixed forest of trees and shrubs had

higher deep soil water reliance than those in pure sea-buckthorn

forest during the dry season (Wu et al., 2022). Moreover, Robinia

pseudoacacia in the Loess Plateau was found to increase the reliance

of shallow and middle soil water but decrease the reliance of deep

soil water as thinning intensity increased (Liu et al., 2023). Current

researches mainly focus on variations of root and soil water

utilization at the upper 1 m depth of the soil profile, however, the

distribution patterns of fine root and soil water utilization below the
1 m depth are still unclear.
Generally, plant water utilization is related to the distribution of

soil moisture with time and soil depth (Eggemeyer et al., 2009; Chen

et al., 2014; Yang et al., 2015). Plants with dimorphic root systems

could transfer the main water source from shallow soil to deep soil

with soil drying (Quesada et al., 2008; Eggemeyer et al., 2009; Chen

et al., 2014). For example, Yang et al. (2015) discovered that three

coniferous plants in subtropical region with a marked seasonal dry
Frontiers in Plant Science 028382
that the existence of rock fragments can reduce soil hydraulic

conductivity and water retention capacity and therefore affect the

soil water availability for plants. In contrast, there are also studies

showed that rock fragments can serve as reservoirs of plants and

water conservation was found to be better in rocky soils under

moderate water stress conditions (Danalatos et al., 1995; Tetegan

et al., 2015). Moreover, light also had an important influence on the

distribution of fine root, though this effect may be dependent on the

availability of soil water and/or nutrients (Valladares and Pearcy,

2002; Schall et al., 2012). Generally, the amount of water that can be

tapped and its transportation from roots to leaves is thought to be

mainly related to transpiration without consuming metabolic

energy (Ksenzhek and Volkov, 1998), which largely depends on

the degree of opening and closing of stomata. However, the tension

gradient caused by transpiration may be not sufficient to stimulate

the transport systems of plants, and then plant would employ root

pressure to pump water into xylem vessels at the cost of minimal

metabolic energy consumption (Schwinning, 2010; Wu et al., 2021).

Therefore, capturing and pumping from deep depth required more

energy (through root pressure) than extracting shallow soil water.

Therefore, low light transmittance could affect the transpiration and

photosynthetic rates of plants and therefore affect the water

utilization of plants (especially deep soil water utilization).

However, studies on determining factors of deep soil water

utilization across life forms still very lack.

In our study area, the understory vegetation species are rich and

the soil heterogeneity is high, which can induce strong variations in

soil conditions at very close distances (Jiang et al., 2023). In turn,

this might affect the distribution of fine root and water utilization
1 Introduction

Under the context of global climate change, the intensity,

frequency, and duration of drought are increasing, leading to

changes in water utilization of plants as well as decreases in plant

productivity and survival (Allen et al., 2010; Adams et al., 2017;

Ripullone et al., 2020). To some extent, water uptake and utilization

patterns of plants reflect the response of ecosystems to variations in

environmental hydraulic status (Gulihanati et al., 2022). A better

knowledge of plants’ water use is necessary to enhance our

understanding of plants adaptations to changes in the forest

hydrologic cycle and our predictions on variations of the

community composition and function in forest ecosystems with

climate drying (Ding et al., 2018; Ripullone et al., 2020).

The distribution of roots is closely associated with the water

access of plants. In forest ecosystems, trees usually distribute more

fine roots in deeper layer than understory shrubs and herbs, and

shrubs often distributed their fine root deeper than herbs (Achat

et al., 2008; Sun et al., 2015). According to the two-layer model of

woody and herbs coexistence (Walker and Noy-Meir, 1982), herbs

with shallower roots are competitors of shallow soil moisture, and

woody plants with deeper roots could monopolize the deep soil

moisture. This model has been confirmed by many studies (Le Roux

et al., 1995; Moreira et al., 2000; Eggemeyer et al., 2009). Previous

studies also shown that deep soil water absorbed by trees with

season transferred their main water source to deep soil layer in the

dry season. Also, Vitex negundo in the Loess Plateau was found to

primarily utilize top soil water of 0-40 cm layer and gradually

transferred to soil water of deeper layers as the season progressed

(Wang et al., 2017). Similarly, Zhu et al. (2021) found that R.

pseudoacacia and Jiziphus jujuba in the Taihang Mountains mainly

used soil water of the top soil layer (0-10 cm) in the wet season and

that of the deeper soil layer (30-50 cm) in the dry season. However,

plants’ water use strategies can be variable due to the micro local

changes in soil conditions, i.e. soil depth, stoniness, water holding

capacity (Love et al., 2019; Carrière et al., 2020b). Because the water

retention capacity of shallow soil was poor, plants growing on

continuous dolostone outcrops and nearby thin soil layers mainly

used deep soil moisture in both the wet and dry seasons (Nie et al.,

2011). Similarly, woody plants with poor surface conditions (i.e. low

water holding capacity) could allow their roots to utilize deep water

reserves more intensively than those with better surface conditions

(Carrière et al., 2020a).

Other abiotic factors (e.g. soil bulk density, rock fragment

content, and light) can also affect the distribution patterns of fine

roots and water use of plants. Generally, the development of root

was severely restricted with the increase of soil bulk density since

high mechanical could impede the elongation and proliferation of

root (Pabin et al., 1998; McIvor et al., 2014). However, there are

different opinions on whether the existence of rock fragment is
frontiersin.org
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for vegetations (Gargiulo et al., 2016; Love et al., 2019; Carrière

et al., 2020a). This provides a suitable opportunity to research the

distribution patterns of fine root and water utilization as well as

their determining factors. Therefore, we measured the fine root

distribution and water use of trees, shrubs, and herbs, community

structure parameters (stem density of trees, and the dominance,

richness and evenness of understory shrubs and herbs), light

transmission, and soil properties (soil bulk density, pH, water
content, rock fragment content, total carbon and nitrogen

from the soil samples, and then air-dried and weighed. The rock
concentration) in subtropical pine plantations with seasonal

droughts. The main aims of our study were: (i) to compare the

deep fine root and water utilization allocation strategies amongst

trees, shrubs and herbs; (ii) to determine the allocation of deep fine

root and their determinants (including community structure

parameters, soil properties, and light transmission) amongst trees,

shrubs and herbs; (iii) to examine the deep soil water utilization

strategy and their determinants (including fine root biomass,

community structure parameters, soil properties, and light

transmission) amongst life forms.

2 Materials and methods

2.1 Site description

This research was conducted at the Qianyanzhou Forest

Ecosystem Research Station of the Chinese Academy of Sciences

(QYZ for abbreviation; 26°44′39′′N, 115°03′33′′E), which is located

in the Jiangxi Province of southeastern China (red circle in

Figure 1A). Due to the uneven distribution of rainfall, seasonal
droughts occur frequently in this region. The mean annual
temperature and precipitation are 18.0°C and 1509.0 mm,

respectively. The soil is an iron-rich red soil classified as Typic

Dystrudept and Udept Inceptisols by the USDA soil taxonomic

system. The vegetation mainly consists of Pinus massoniana and P.

elliottii plantations which were planted in 1983, and the vegetation

picture was shown in Figure 1C.

2.2 Experimental design and

stand structures

Frontiers in Plant Science 038483
was measured. Three shrub subplots of 5 × 5 m were set along the

diagonals within each tree plot. Then, the basal diameters, heights,

and number of bushes of all shrubs in each subplot were measured.

One herb quadrat of 1 × 1 m was set within each shrub subplot, and

the heights and coverages of all herbs were then measured in

each quadrat.

2.3 Soil properties and fine-
root distributions

Soil cores of 10 cmdiameter were sampled every 20 cm at the up-,

mid-, and down slopes from soil surface to 200 cm depth in each plot.

Living fine roots were carefully picked out and gently washed with

running water. Living fine roots were then sorted to trees, shrubs, and

herbs, according to their contrasting traits in terms of morphological

structure, color, and mechanics (e.g. rigid or soft, rough or smooth).

More details can be seen in Jiang et al. (2018a). The fine roots were

classified using an order-based approach described by Pregitzer et al.

(2002). Fine roots of woody species (trees and shrubs) were then

divided into absorptive (1-3 order) and transport (4-5 order)

categories, while those of herbs were not distinguish between the

absorptive and transport categories.

After root extraction, rock fragments (> 2 mm) were picked up
fragment content of each soil sample was determined by using a

stone density of 2.65 g cm-3 (Diochon et al., 2009). Due to the rocky

properties of soil in our study area, the use of standard soil core

method could not accurately determine the soil bulk density, and

therefore the differences between volumes of soil cores and stones

were applied to determine the soil bulk density (Klinka et al., 1981;

Diochon et al., 2009). Soil pH was determined in a 1:2.5 mixture of

air-dried soil/distilled water mixture by using an electrode pHmeter

(S40, Mettler Toledo, Switzerland). Total carbon and nitrogen

contents of the surface layer (0-20 cm) were measured by an

elemental analyser (vario MACRO cube, Germany).

2.4 Soil water utilization of plants
Plant samples for water isotope analysis was collected during

mid-morning in both the dry season (August 2016) and the wet
A total of 29 plots (30 × 30 m) were established in the pine

plantations, including 18 plots of P. massoniana and 11 plots of P.

elliottii. The distribution of these plots was shown in Figure 1B. The

dominant shrub species across 29 plots were Loropetalum chinensis,

Adinandra millettii, Camellia oleifera, Rhus chinensis, Eurya muricata

and Rhaphiolepis indica. The dominant herb species across 29

plots were Dryopteris atrata, Woodwardia japonica, Dicranopteris

dichotoma, Morinda umbellate, and Lophatherum gracile.

The community structure was investigated in August 2015.

Each plot was divided into nine quadrats (10 × 10 m) and then

taken photos below the canopy. Light transmission was then

determined by Side look and Gap Light Analyzer (Frazer et al.,

1999). In each plot, the diameter at breast height (DBH) of each tree

season (April 2017). For trees, stems from two to three sample trees

of middle diameter were collected in each plot, and phloem tissue

was peeled off to avoid potential contamination (Querejeta et al.,

2007). For shrubs and herbs, ten shrub species and three fern

species were sampled in each plot, with the average coverage of the

collected species relative to the total coverage of all shrubs or herbs

was 63.6 ± 3.3% and 75.3 ± 5.8% across 29 plots, respectively. The

water use of these collected shrubs and herbs was used for

representing the overall water use of the shrub and herb layers.

For shrubs, green tissues were removed from the branches to avoid

contamination (Ehleringer and Dawson, 1992). Meanwhile, the

basal diameter of shrub individuals was controlled between 10

and 25 mm to avoid the potential effects of plant age on water
frontiersin.org
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absorption. For herbs, the thick and fleshy root crowns were

collected, since this part had the most stable water isotopic ratios

(Barnard et al., 2006). Soil samples were collected at depth of 0-20,

20-60, 60-100, 100-150, 150-200 cm in each plot. Then, each soil

sample was separated into two subsamples: one subsample was used

for water extraction, and the other subsample was used for

measuring the soil water content. Soil water content was then

measured by dividing fresh weight minus dry weight by dry weight.

We extracted water from plant and soil samples through an

automatic low-temperature vacuum distilled water extraction system

(Li-2100, Beijing, China). The extraction time for plant and soil sample

was 3 h and 2.5 h, respectively. We analyzed the water isotope ratio of

FIGURE 1

Location of study area (in red circle, A), and distribution (B) and vegetation
P. massoniana plantations and E1-E11 represent the 11 plots of P. elliottii p
water samples using a liquid water isotope analyzer (912-0050, LGR,

California, USA). The IsoSource model was applied to calculate the
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depth was defined as the deep soil layer. Then, fine root biomass in

the deep soil layer was determined by the sum of fine root biomass

below the 100 cm depth of the entire 0-200 cm soil profile. The deep

soil water utilization was determined by the sum of soil water

proportions in 100-150 and 150-200 cm depth. Since the P.

massoniana and P. elliottii plantations had the similar root

distribution and water utilization allocation patterns (Yang et al.,

2015, Yang et al., 2017; Jiang et al., 2020b), we combined the data

from the two pine plantations. For trees, the seasonal plasticity of

deep soil water utilization (DWP) was calculated as:

DWP =
2� (DDW −WDW)

(1)

icture (C) of the sampling plots. In (B) M1-M18 represent the 18 plots of
tations.
DDW +WDW

where DDW is the deep soil water utilization during the dry
relative contribution of soil water at different depths to plant (Phillips

et al., 2005). See Jiang et al. (2020b) for details. Because the accuracy in

hydrogen isotopes analysis was relatively lower than that of oxygen

stable isotopes when using the Isotopic Ratio Infrared Spectroscopy

(IRIS) method (Wen et al., 2012), d18O was shown to be more sensitive

than dD in evaluating water uptake of plant and therefore d18O was

used to detect the water uptake depths of plants.

2.5 Data analysis

Due to the 0-100 cm soil depth accounts for over 90% of the

total fine root biomass of the entire 0-200 cm soil profile in all life

forms and the d18O value of the upper 100 cm soil was different

from the below 100 cm depth (Figures S1, S2), the 100-200 cm

season and WDW is the deep soil water utilization during the wet

season (Padilla et al., 2007; Jiang et al., 2020a; Jiang et al., 2020b). For

shrubs and herbs, the community-weightedmeanDDW in each plot

was calculated. First, dividing the number of individuals of each

species by the total number of shrub (or herb) species to determine

the weight of each species in each subplot, and then calculate the

weight of each species in each plot as the mean value of the three

subplots. Second, the community-weighted mean DDWof each plot

was calculated as the sum of the product of the average weight of

each species and its DDW. Then, the community-weighted mean

DDW of shrubs and herbs was used to calculate the DWP according

to equation (1). The biodiversity index of each plot was determined

by “Biodixcel.xlsx” inMicrosoft Office Excel 2007 (Kong et al., 2012).

To test the differences of fine root biomass and water source in

deep soil layer amongst life forms, a one-way analysis of variance
frontiersin.org
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FIGURE 2

Deep fine root biomass (A) and proportion (B) for different life forms. Diffe
proportion across life forms.
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nt letters represent significant differences in deep fine root biomass or
To test the differences between trees and shrubs (or between

seasons), the independent sample T test was applied in SPSS. To

analyse the relationships between the fine root biomass and water

utilization in the deep soil layer and the abiotic and biotic factors,

the RDA-ordination biplot was carried out in the CANOCO

software (ver.5.0, Ithaca, NY, USA). Significance was defined at

the 0.05 level.

3 Results

3.1 Deep fine root biomass and water
utilization amongst life forms

In our study, trees and understory vegetations showed contrast

deep fine allocation and water use strategies (Figures 2, 3). We

found trees and shrubs distributed more fine roots than herbs in

deep soil layer (Figure 2). The fine root biomass of trees was

significantly higher than that of shrubs, however, the differences

in deep fine root proportion between them was not significant.

Trees tended to distribute more absorptive fine roots than shrubs in

deep soil, however, the deep transport fine root biomass between

trees and shrubs didn’t show significant differences (Figure 3). Trees

have a significant deep soil water reliance in both the wet and dry

seasons, while shrubs and herbs had a lower deep soil water reliance

during the wet season and a higher deep soil water reliance during

the dry season (Figures 4, S3). Therefore, trees showed a smaller

seasonal plasticity of deep soil water reliance than shrubs and

herbs (Figure 4).

3.2 Determining factors of fine root and
water utilization in the deep soil layer
amongst life forms

The RDA ordination biplot displayed that the major

determining abiotic and biotic factors of deep fine root and water

utilization were different (Figures 5, 6). For the deep fine root

biomass, the C%, N%, light transmission, and rock fragment

contributed 35.7%, 25.3%, 17.0%, and 11.3% variations in these

factors; the dominance and richness of shrubs were the major biotic

factors (Figure 5B), which contributed 33.8% and 23.9% variations

in these factors, respectively. For details, C% and N% displayed a

predominantly positive relationship with total and absorptive fine

root biomass of shrubs and herbs, while light transmission showed a

predominantly negative relationship with fine root biomass of trees;

the dominance of shrubs displayed a positive relationship with fine

root biomass of shrubs and herbs, while the richness of shrubs was

negatively related to total and absorptive fine root biomass of trees.

For the deep soil water utilization in the dry season and its plasticity

between seasons, the soil bulk density and water content were the

major abiotic factors (Figure 6A), which contributed 32.7% and

26.2% variations in these factors; the dominance and evenness of

shrubs, and the richness of herbs were the major biotic factors

(Figure 6B), which contributed 16.0%, 13.3% and 12.5% variations

in these factors. For details, soil bulk density and water content were

negatively correlated with deep soil water utilization in the dry

season and its plasticity between seasons amongst life forms;

dominance and evenness of shrubs was positively related to deep

soil water utilization of trees and its seasonal plasticity, while the

richness of herbs was positively associated with the deep soil water

utilization of shrubs as well as its seasonal plasticity (Table S1).

4 Discussion

4.1 Deep fine root biomass and water
utilization amongst life forms

We found trees and shrubs distributed more fine roots than

herbs in deep soil. Though the proportion of total deep fine root

biomass in trees and shrubs was not significant, trees had higher

proportion of absorptive fine root biomass than shrubs in deep soil.

Generally, absorptive roots can make more efficient use of soil

resources due to the thinner diameter and thus occupying a

dominant position in total length and surface area of root (Guo

et al., 2004). That is, trees can effectively improve deep soil nutrient

absorption efficiency by increasing root branching capacity
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FIGURE 4

Deep soil water utilization in the wet and dry season (A) and its seasonal p
letters represent significant differences in deep soil water utilization during
represent significant differences in seasonal plasticity of deep soil water us
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ticity (B) for different life forms. In (A) different uppercase and lowercase
e wet or dry season across life forms, respectively; in (B) different letters
across life forms.
(increase the proportion of absorptive roots) and thus adapt to the

limited soil conditions (Liu et al., 2015; Li et al., 2017). This might

be a key strategy for overstory trees to avoid competing with

understory vegetations for limited surface soil resources.

Moreover, the proportion of deep fine root biomass (below 1 m

depth) is only 0.2-5.1%, but their proportion of deep soil water

utilization can reach 20.9-38.6% in the dry season, which highlight

the importance of deep fine root in plant drought resistance.

In our study, we found that trees and understory vegetations

had contrast deep water use strategies. For details, trees have a

significant deep soil water reliance throughout the year (especially

with the addition of water source from 60-100 cm soil layer;

Figures 4, S3), and thus had low seasonal plasticity of deep soil

water use. In contrast, shrubs and herbs are less dependent on deep

soil moisture during the wet season but highly dependent on deep

soil moisture during the dry season, and thus had high plasticity of

deep soil water reliance. This might be because trees have more fine

roots distributed in deep soil layer than understory vegetations, and

fine roots in the deep soil would increase the diameter of stele and

xylem conduits to and thereby minimizing flow resistance and

maximizing water absorption efficiency (Pate et al., 1995; Pate et al.,

1998; McElrone et al., 2004). Moreover, trees tend to have higher

proportions of absorptive fine roots in deep soil layer than those of

shrubs. Considering that the deep soil is less fertile than the shallow

soil (Jobbagy and Jackson, 2001; Jobbagy and Jackson, 2004), trees

can improve their deep soil nutrient absorption efficiency by

increasing their branching capacity of absorptive fine roots in the

deep soil. Compared with trees, understory vegetations had greater

seasonal plasticity in deep soil water utilization. This may be due to

the fact that the volume of trees was larger and therefore they are

more resistant to droughts than understory vegetations. Since the

water storage capacity in stems of trees was larger and thus could

more efficiently buffer the daily fluctuation and decrease of leaf

water potential with soil drying (Chapotin et al., 2006; Oliva

Carrasco et al., 2015), and their large horizontal area for root

foraging can to some extent compensate for the decrease in

shallow soil moisture content (Meinzer et al., 1999). Second, the

seasonal plasticity of shrubs and herbs was closely correlated with

fine root biomass of trees and shrubs (Figure 6), which indicated

that the important role of hydraulic lift. Also, the high deep water

use plasticity of shrubs and herbs suggests that they are good at

utilizing shallower soil moisture that is briefly replenished by dry

season precipitation, while trees tend to rely on deeper soil moisture

which is more stable over time (Cui et al., 2017).

BA

FIGURE 3

Biomass (A) and proportion (B) of the absorptive and transport fine root biomass for trees and shrubs in deep soil layer. Different uppercase and lowercase
letters represent significant differences in deep fine root proportion for absorptive and transport fine root between trees and shrubs, respectively.
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4.2 Determining factors of fine root and
water utilization in deep soil layer amongst
life forms

We found that the distribution of deep fine root biomass was

closely associated with soil nutrient content. This may be because

when the availability of soil resources increases, the carbon allocated

to the belowground part would increase, and fine roots can increase

B

A

FIGURE 5

RDA-ordination biplot for the fine root biomass of deep soil layer amongs
absorptive fine root biomass of trees/shrubs; TreeTran/ShrubTran, transport
root biomass of trees/shrubs/herbs; LT, light transmission; C%, total soil c
RC, rock fragment content in deep soil layer; BD, soil bulk density in deep
soil layer. The same below.
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the absorption capacity of water and nutrients in soil by changing

root morphological characteristics (Curt and Prévosto, 2003).

Generally, the fine root biomass of understory vegetations

(especially the shallow layer) increased with light transmission

(Matjaž and Primož, 2010; Noguchi et al., 2021), and thus the

competition between overstorey and understory vegetations would

intensify. Therefore, we discovered that the fine root biomass of

trees in deep soil layer was negatively related to the light

fe forms and abiotic factors (A) and biotic factors (B). TreeA/ShrubA,
e root biomass of trees/shrubs; TreeTotal/ShrubTotal/HerbTotal, total fine
on content in subsoil layer; N%, total nitrogen content in subsoil layer;
il layer; SWC, soil water content in deep soil layer; pH, soil pH in deep
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transmission. We also found that the fine root biomass of trees

displayed a negative correlation with rock fragment content, which

may be explained by that the existence of rock fragments could

reduce soil hydraulic conductivity and water retention capacity and

therefore decrease the soil water availability for plants (Novák and

Knava, 2012). However, previous studies also shown that rock

fragments can serve as reservoirs for plants and water

conservation was found to be better in rocky soils under

moderate water stress conditions (Danalatos et al., 1995; Tetegan

FIGURE 6

RDA-ordination biplot for deep soil water utilization and its seasonal plast
TreeDry/ShrubDry/HerbDry, deep soil water utilization of trees/shrubs/herbs
water utilization of trees/shrubs/herbs; TD, tree density; DOS/DOH, domin
evenness of shrubs/herbs.
et al., 2015). The reason for these contrast results may be that rock

fragments had a positive effect on plant growth and water

consumption below a certain threshold, and therefore it is

necessary to optimize the rock fragment content when evaluating

water relations of plants in rocky ecosystems (Mi et al., 2016). In our

study, the deep soil water utilization of plants increased with the

decrease of deep soil water content. Similarly, the shallow soil water

content was found to remain low and the deep soil moisture showed

a downward trend in previous studies, which indicated that plants

y amongst life forms and abiotic factors (A) and biotic factors (B).
the dry season; TreeP/ShrubP/HerbP, seasonal plasticity in deep soil
ce of shrubs/herbs; ROS/ROH, richness of shrubs/herbs; EOS/EOH,
frontiersin.org

https://doi.org/10.3389/fpls.2023.1275464
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Jiang et al. 10.3389/fpls.2023.1275464
increase the deep soil water utilization to ensure growth in the dry

season (Jia and Shao, 2014; Cao et al., 2018; Li et al., 2021). Also,

deep soil bulk density was negatively related to the deep soil water

utilization of plants, which was mainly due to high mechanical

could restrict the elongation and proliferation of root (Szota et al.,

2007; McIvor et al., 2014; Miyatani et al., 2016).

Our results showed that the main biotic determining factors of

the distribution of deep fine root biomass were the dominance and

richness of shrubs (Figure 5B). In our study, the biomass of fine

roots of shrubs displayed a positive correlation with shrub

dominance. However, the absorptive and total fine root biomass

of trees were negatively related to the richness of shrubs, indicating

that deep fine root biomass of trees decreased due to intense

competition with shrubs. Our results showed that the main biotic

factors affecting the distribution of deep soil water utilization were

the dominance and evenness of shrubs, and the richness of herbs

(Figure 6B). Also, deep soil water utilization of trees could increase

the dominance of shrubs, and that of shrubs could increase the

richness of herbs in our study (Figure 6, Table S1). Similarly,

previous studies showed that trees likely influence local resource

availability (e.g. light, soil) and serve as a biotic filter in the

understory community assembly (Jiang et al., 2018b; Luo et al.,

2019). This might because the plots with higher deep soil water

utilization of trees increased the probability of hydraulic uplift, and

therefore the companion shrubs could obtain more water resource,

thus increasing the dominance of shrubs. Similarly, the plots with

higher deep soil water utilization of shrubs could also enhance the

probability of the deep soil water being lifted and released into the

surface soil, which could provide more water resources for shallow-

rooted herb plants. This induced the enrichment of shallow-rooted

herbs in the areas of hydraulic uplift to some extent, thus improving

the richness of herbs in these regions (Maestre et al., 2003; Šenfeldr

et al., 2016). Moreover, the plots with deep soil water utilization of

trees (or shrubs) meant that shallow soil water consumption was

more severe and the competition of water resource between

different life forms was more intense. Therefore, the positive

relationships between deep soil water utilization of trees and the

dominance of shrubs and between deep soil water utilization of

shrubs and the richness of herbs indicated that shrubs and herbs

exhibited different “strategy” in response to competition. For

details, shrubs exhibited a “conservative strategy” and tend to

increase individual competitiveness and could maximize their

resource acquisition in habitats with little disturbance. In

contrast, herbs exhibited an “opportunistic strategy” and tend to

increase variety and quantity to adapt to the competition and could

survive in habitats with frequent disturbance. Our results

highlighted the roles of deep soil water utilization in shaping

community assembly as well as the necessary of linking

biodiversity to ecosystem function (Schwartz et al., 2000;

Dudgeon, 2010).

In our study, the explanation degree of RDA ordination biplot was

only c. 30%, which was relatively low. This may be explained by that

the traits we didn’t measure (e.g. photosynthetic related properties,

traits related to plant’s water status), could further play important roles

in determining the deep fine root and water utilization and thus the
Frontiers in Plant Science 099089
community assembly. Compared with shallow root, deep fine roots

have larger diameters and higher tissue density and thus require more

carbon investment (Prieto et al., 2015; Fort et al., 2017). Therefore,

deep roots should be more closely related to physiological functions

such as photosynthesis. Also, plant deep soil water utilization should

be closely correlated with stomatal conductance and transpiration rate,

since capturing and pumping from deeper soil required more energy

(through root pressure) than extracting shallow soil water (Ksenzhek

and Volkov, 1998; Wu et al., 2021). Similarly, plant water uptake was

found to be closely associated with stomatal conductance,

transpiration rate, and stomatal density (Romero-Aranda et al.,

2001; Hepworth et al., 2016). This can also explain the positive

correlation between light transmission and deep soil water

utilization. Previous studies proposed that root hydraulics (instead

of root length) could determine the water consumption of crops

(Vadez, 2014; Cai et al., 2022), since root conductance synthesizes the

effects of the architecture, length, and anatomy of root (Doussan et al.,

2006; Strock et al., 2021). Similarly, our previous studies at the species

level in the study area showed a positive correlation between deep

water utilization and stem hydraulic conductance (Jiang et al., 2020a).

Also, recent studies have showed that water uptake depth was

coordinated with leaf economic spectrum in water-limited

ecosystems (Pivovaroff et al., 2021; Illuminati et al., 2022).

Therefore, future studies on plant water use should also focus on

plant physiological properties (e.g photosynthetic related properties,

hydraulic related properties) and economic spectrum traits.

5 Conclusion

Our results provide new insights into the different deep fine root

distribution and water use strategies between trees and understory

vegetations and improve our understandings of plants adaptations

to variations in the forest hydrologic cycle and thus the community

assembly processes. Although the proportion of deep fine roots

(below 1 m depth) is only 0.2-5.1%, their proportion of deep soil

utilization can reach 20.9-38.6% in the dry season, which highlight

the roles of deep fine root in drought resistance. Compared with

understory vegetations, trees had a significant deep soil water

reliance throughout the year and distributed a higher proportion

of absorptive roots in deep soil layer. This indicated that trees could

improve deep soil water capture capacity by enhancing their

dominance in occupying deep soil volume, and enhance their

deep resource foraging by increasing their branching capacity of

absorptive roots. Moreover, shrubs and herbs showed different

strategies for deep water competition: shrubs and herbs exhibited

different “strategy” in response to competition: shrubs exhibited a

“conservative” strategy and tend to increase individual

competitiveness, while herbs exhibited an “opportunistic” strategy

and tend to increase variety and quantity to adapt to the

competition. Due to the low interpretation rate of RDA

ordination biplot, we assumed that traits we didn’t measure might

further play important roles in determining the deep fine root and

water utilization and thus the community assembly. Future studies

on deep fine root and water use patterns should also focus on plant
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physiological properties (e.g photosynthetic related properties,

hydraulic related properties) and economic spectrum traits.
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Spatial variations and
mechanisms for the stability of
water use efficiency in China

Xiaojuan Xu1†, Jing Liu1†, Fusheng Jiao2, Kun Zhang1, Yue Yang1,
Jie Qiu1, Yingying Zhu1, Naifeng Lin1* and Changxin Zou1*

1Nanjing Institute of Environmental Sciences, MEE, Nanjing, China, 2School of Geography, Nanjing
Normal University, Nanjing, China
A clearer understanding of the stability of water use efficiency (WUE) and its

driving factors contributes to improving water use efficiency and strengthening

water resource management. However, the stability of WUE is unclear. Based on

the EEMD method, this study analyses the spatial variations and mechanisms for

the stability of WUE in China, especially in the National Forest Protection Project

(NFPP) areas. It is found that the stable WUE was dominated by non-significant

trends and increasing trends in China, accounting for 33.59% and 34.19%,

respectively. The non-significant trend of stable WUE was mainly located in

the Three-North shelterbelt program area, and the increasing trend of stable

WUE was in Huaihe and Taihu, Taihang Mountains, and Pearl River shelterbelt

program areas. Precipitation and soil moisture promoted the stable WUE in these

project areas. The unstable WUE was dominated by positive reversals or negative

reversals of WUE trends. The positive reversals of unstable WUE were mainly

located in the Yellow River shelterbelt program areas, which was promoted by

temperature and radiation, while the negative reversals of unstable WUE were

mainly distributed in the Yangtze River and Liaohe shelterbelt program areas,

which were mainly induced by saturation water vapor pressure difference (VPD).

Our results highlight that some ecological restoration programs need to be

improved to cope with the negative climate impact on the stability of WUE.

KEYWORDS

ecological restoration, water use efficiency, climate change, stability, driving factors
1 Introduction

Water use efficiency (WUE) is an objective evaluation index of water-carbon coupling

for an ecosystem, which is defined as the ratio of carbon sequences (i.e., gross primary

production (GPP)) to water loss (i.e., evapotranspiration (ET)) (Beer et al., 2009; Jiang

et al., 2019; Ma J. et al., 2019; Liu et al., 2020). WUE is not only an important index of the

coupled terrestrial carbon-water cycle, but also one of the important parameters reflecting

the impact of global changes on terrestrial ecosystems (Hatfield and Dold, 2019; Yang L.

et al., 2022). Uncovering the changes in the stability of the ecosystem WUE can provide
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important technical and policy implications for water conservation

and carbon budgets (Cao et al., 2020). A large interannual variable

in water use efficiency can lead to the instability of ecosystem

functions and pose a serious challenge to nature-based climate

solutions (Xue et al., 2015; Zhang et al., 2016; Wang et al., 2022).

Thus, spatial variations and mechanisms for water use efficiency

stability have become a foregrounded and topical issue

for ecosystems.

The interannual variables of WUE are stable in the absence of

climate and human drivers of change (Rödenbeck et al., 2018; Piao

et al., 2020). However, the driving factors and their interactive

effects influence GPP and ET in different ways, making the

interannual variables in WUE threaten the stability of WUE (Ma

J. et al., 2019). The instability in WUE considerably challenges the

sustainability of the carbon-water cycle (Yu et al., 2021). The

essence of WUE instability is that WUE has weak resistance to

climate fluctuation (Wang et al., 2022). Both climate and

ecosystems have obvious spatial differences, thus, WUE trends are

nonlinear and their stability has a significant spatial variation (Piao

et al., 2020). In areas with severe climate fluctuations or where WUE

is sensitive to climate fluctuations, the stability of WUE is usually

low (Liu et al., 2017; Ma J. et al., 2019). It provides a rare

opportunity to explore the response of ecosystem functioning to

climate change (Piao et al., 2020). However, there still exists

uncertainty on the WUE stability response to climate change

(Belmecheri et al., 2021). Thus, reducing the uncertainty is critical

for an accurate future carbon-water cycle and its response to climate

change (Belmecheri et al., 2021; Migliavacca et al., 2021).

Previous studies have shown that WUE change is influenced by

climate change, such as CO2, solar radiation, temperature,

precipitation, saturated water vapor pressure, and soil moisture

(Liu et al., 2020; Gonsamo et al., 2021; Wang M. et al., 2021).

Precipitation is one of the principal indirect driving factors affecting

WUE variables (Zhang et al., 2020). Precipitation changes directly

affect the transpiration and evaporation of the ecosystem, and

indirectly affect the carbon uptake process of plants by regulating

the soil water content (Piao et al., 2020; Zhang et al., 2020). In

addition, drought-induced reduction in vegetation production and

WUE was offset by driving factors, such as warming climate and

ecological restoration projects (Huang J. et al., 2015; Zhang et al.,

2016; Ma J. et al., 2019). Numerous studies have shown that vapor

pressure difference (VPD) is a key factor and has been

demonstrated to have negative influences on the WUE (Beer

et al., 2009; Ma J. et al., 2019). It is revealed that the increase in

CO2 concentration will increase the photosynthetic rate, while the

transpiration rate will be weakened or have no significant effect,

which will lead to the increase of vegetationWUE, with a significant

CO2 fertilization effect (El Masri et al., 2019; Ma J. et al., 2019;

Gonsamo et al., 2021). Both photosynthesis and transpiration are

affected by temperature, and show an opposite trend with

increasing temperature (Huang J. et al., 2015). When the

temperature was low, the photosynthetic rate increased with the

increase of temperature, and then gradually weakened after it

reached the maximum (Hatfield and Dold, 2019). The main

reason was that the enzyme activity was significantly affected

when the optimum temperature was reached (Hatfield and Dold,
Frontiers in Plant Science 029594
2019). On the contrary, the increase in temperature will cause an

increase in VPD and then increase the transpiration rate of

vegetation (Cao et al., 2020). The radiation is one of the

important factors of plant photosynthesis, and it also impacts

plant WUE (Jiang et al., 2019; Wang et al., 2020). Nevertheless,

the driving mechanisms underlying the stability of WUE

remain unclear.

The National Forest Protection Project (NFPP) in China is one

of the world’s largest ecological restoration projects (Tong et al.,

2017; Lu et al., 2018; Huang et al., 2019). It is a major initiative by

the Chinese government to mitigate some of the environmental

damage caused by rapid economic development through the

implementation of a rigorous and creative policy of large-scale

conservation (Cai et al., 2020; Ding et al., 2021; Xu et al., 2022a).

Currently, some researchers believe that the implementation of the

NFPP has led to an increase in vegetation cover in some areas, thus

improving the carbon and water cycle and the ecological

environment (Tong et al., 2018; Huang et al., 2019; Yang Y. et al.,

2022). Another group of scholars believe that the implementation of

the NFPP, especially afforestation in some areas, has led to a

reduction in soil moisture due to strong forest transpiration and

the increased precipitation cannot compensate for the consumption

of evapotranspiration, which places a burden on local water

resources (Yang et al., 2013; Hai et al., 2022). Therefore, there is

an urgent need to reveal the actual trend and stability of WUE and

its driving factors in NFPP areas and to provide scientific advice for

the implementation of ecological projects.

In this study, we investigated the spatial variations and

mechanisms for the stability of water use efficiency in China.

Specifically, we aimed to propose three key issues: (1) What are

the nonlinear trends of WUE in China, especially in NFPP areas?

(2) What is the stability of WUE in China over recent years? (3)

Which driving factors are important in determining the stability of

WUE in China?
2 Materials and methods

2.1 Data sources

The terrestrial gross primary production (GPP) data was

downloaded from the Global Land Surface Satellite (GLASS)

program (http://www.resdc.cn/) (Jiao et al., 2022). It is generated

using the Bayesian algorithm ensemble of eight widely-used light-

use efficiency models and has been widely used in global carbon

cycle assessment (Xu et al., 2022a). The dataset is a global composite

product that spans from 1982 to 2015 with a spatial resolution

of 0.05°.

The terrestrial evapotranspiration (ET) data was downloaded by

the National Science & Technology Infrastructure (http://

www.nesdc.org.cn/), with a 0.1° spatial resolution from 1981–

2015. To obtain more accurate data, ET data is simulated by a

nonlinear complementary Relational model and verified with 13

vorticity covariance measurements and 10 river basin Nash Sutcliffe

efficiency measurements, with a range of 0.72-0.94 (Ma N.

et al., 2019).
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The WUE was calculated as follows:

WUE = GPP=ET (1)

In this study, six driving factors were used to reveal the driving

mechanism of the stability of WUE. The soil moisture (SM) and

downward shortwave radiation (RAD) were downloaded by the

Climatology Lab from 1981 to 2015 with a spatial resolution of 1/

24°. Temperature and precipitation were downloaded from

WorldCom (https://www.worldclim.org/) from 1981 to 2015 with

a spatial resolution of 1 km. Vapor pressure deficit (VPD) was

provided by Xu et al. (2021) (http://dx.doi.org/10.1016/

j.scitotenv.2022.155086) from 1981 to 2015 with a spatial

resolution of 0.1°. CO2 was downloaded from the Emissions

Database for Global Atmospheric Research (EDGAR) (https://

edgar.jrc.ec.europa.eu/) from 1981 to 2015 with a spatial

resolution of 0.1°.
2.2 Nonlinear method

The linear trends of NEP show an increasing trend with a

constant rate of increase. However, the rate of NEP decomposed

by EEMD increases with time. Therefore, the EEMD method can

reveal the nonlinear trends in WUE (Pan et al., 2018; Xu et al.,

2022b). Ensemble Empirical Mode Decomposition (EEMD) is an

extension of the Empirical Mode Decomposition (EMD) method

(Wu et al., 2007). The decomposition process of EMD is

as follows:

First, the discrete extreme points of X(t) are interpolated to the

entire period with a cubic spline function to obtain the maximum

and minimum envelopes, and the arithmetic mean of the upper and

lower envelopes (g1(t)) is calculated.

g1(t) = X(t) −m1(t) (2)

Since g1(t) is not stable, continue to repeat the above steps:

g11(t) = g1(t) −m11(t) (3)

If the standard deviation (SD) is less than a given value (usually

0.2), the above iterative process is terminated:

SD =o
N

t=1

jg1k(t) − g1(k−1)(t)j2
g21(k−1)(t)

(4)

In this way, we extracted the first Intrinsic Mode Function IMF

(IMF) component (c1=g1k(t)) from the original data:

g1k(t) = g1(k−1)(t)−m1k(t) (5)

k is the number of iterations and the rest of the original data is:

r1 = X(t) − c1 (6)

Since r1 still contains fluctuations of a longer period, the above

iterative process is still repeated, and the ri is as follows:

ri = ri−1 − ci, i = 2, 3⋯ n (7)
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Which is

X(t) =o
n

i=1
ci + rn (8)

ci is the i-th IMF component, and rn is the residual.

Due to the phenomenon of frequency mixing in the EMD

method, the EEMD method was developed (Wu and Huang, 2009).

The EEMD method introduces white noise with a certain signal-to-

noise ratio into the original time series for EMD decomposition,

and the IMFs obtained by each decomposition are then aggregated.

The EEMD method not only greatly improves the modal aliasing

defect of EMD, but also avoids the instantaneous noise that the

original data may carry.

Repeat equations 2-8, with different Gaussian white noise series

assed to X(t), Finally, the original signal is decomposed into a series

of IMFi(ci) components with frequencies from high to low and a

residual rn.

The EEMD trends in WUE as a specific time t is defined as the

value increase in rn since the start time, that is trend(t)=rn(t)-rn
(1981). The trends as their changing rates can be calculated (Pan

et al., 2018):

Ratetrend(t) = Trend(t) − Trend(t − 1) (9)

The number of Gaussian white noises was set to 100 times, and

the amplitude of these noises was set to 0.2 standard deviations of

the raw data after considering the take-off between the

decomposition robustness and the required computing time.

To test whether the trend is significant, the EEMD

decomposition of Gaussian white noise is verified based on the

Monte Carlo method (Pan et al., 2018). The non-significant trend of

WUE is assumed to show no trend over time. The significantly non-

linear trend of the WUE is divided into the following four

categories: increasing trends (Figure 1A), decreasing trends

(Figure 1B), negative reversals (Figure 1C), and positive

reversals (Figure 1D).
2.3 Stability method

Based on nonlinear trends detected by EEMD, excluding the

trends with insignificant changes, we computed the interannual

anomalies of WUE by removing their nonlinear trends. The

standard deviation of interannual anomalies of WUE was identified

as the stability of WUE (Wang et al., 2022). A higher standard

deviation suggested lower stability. Additionally, the stability of WUE

was classified into 6 classes (nonsignificant stable, stable, relatively

stable, generally stable, relatively unstable, and unstable) based on

natural breaks. The natural interval method is based on natural

groupings inherited from the data. When creating classification

intervals, similar values are grouped most appropriately and

differences between classes are maximized. Elements are divided

into classes, for which their boundaries are set at locations where

the differences in data values are relatively large.
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2.4 Attribution analysis method

Multiple regression analysis was used to extract the impacts of

the main drivers on the stability of WUE (Sun et al., 2015; Liu et al.,

2018; Chu et al., 2019). We select 6 driving factors (CO2,

temperature (TEM), precipitation (PRE), soil moisture (SOIL),

radiation (RAD), and vapor pressure deficit (VPD)) as the

explanatory variables (Cai et al., 2015; Sun et al., 2015). Based on

min-max normalization, all the driving factors were standardized in

advance. The multiple regression analysis method is as follows:

SWUEpre = aSWUECO2 + bSWUETEM + cSWUEPRE

+ dSWUERAD + eSWUESOIL + fSWUEVPD + g (10)

Where SWUEpre indicates the predicted stability of WUE,

SWUECO2, SWUETEM , SWUEPRE , SWUERAD , SWUESOIL ,

SWUEVPD represent SWUE variations that are driven by CO2,

TEM, PRE, RAD, SOIL, VPD, which were also standard

deviations of the interannual anomalies without long-term

nonlinear trends (Wang et al., 2022). a–f are the regression

coefficients. The absolute value of the regression coefficient can

represent the relative importance of the driving factors, and g is the

regression constant. In this study, the largest regression coefficient

of the multiple regression is the main driving factor on the stability

of SWUE.
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3 Result

3.1 The WUE trend in China and eight
ecological restoration areas

Based on the linear method (Figure 2), WUE had an increasing

trend from 1982 to 2015 with an average rate of 0.0135gC/kgH2O/

yr. WUE also had a nonlinear trend detected by EEMD and the

increased rate was beyond the linear rate after 2005. In the National

Forest Protection Project (NFPP) area (Figure 3), the WUE had

increasing trends, the growth rate of WUE was the fastest in the

Yellow River (at a rate of 0.0127 gC/kgH2O/yr) and Taihang

Mountains (at a rate of 0.0108 gC/kgH2O/yr) shelterbelt program

areas. It was the slowest in the Three-North shelterbelt program

areas (at a rate of 0.0023 gC/kgH2O/yr) and the Yangtze River

shelterbelt program areas (at a rate of 0.0030 gC/kgH2O/yr). There

is a tendency for WUE to increase, with the rate of increase peaking

around 2000-2005 and decreasing thereafter. It indicated that

although ecological restoration projects has significantly improved

water use efficiency, there is a risk of WUE reduction in the future.

In China (Figure 4), 33.59% of WUE was nonsignificant, which

is assumed to be no trend over time and was mainly located in the

Northwest, Northeast, and Tibetan Plateau. 34.19% and 19.72% of

WUE had increasing trends and positive reversals, which are mainly

distributed in the North China Plain and the Pearl River Basin
A B

DC

FIGURE 1

The nonlinear trends of WUE. (A) increasing trends; (B) decreasing trends; (C) negative reversals; (D) positive reversals.
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(Table 1). The decreasing trends and negative reversals of WUE

only accounted for 1.86% and 10.64%, respectively, located in the

Yangtze River basin. In eight NFPP areas, WUE was dominated by

increasing trends in the Pearl River, Taihang Mountains, Huaihe,

and Taihu shelterbelt program areas, accounting for 57.90%,

69.42%, and 72.25%, respectively. It had positive reversals in the

Yellow River shelterbelt program areas, accounting for 44.63%.

However, in the Yangtze River, the WUE was dominated by

negative reversals, which accounted for 51.35%.
3.2 The spatial distribution of the
WUE stability

EEMD decomposes WUE into four interannual variations and a

residual (Figure 5), with periods of 2.7, 6.5, 27, and 38-year time

scales. The SWUE (standard deviation of interannual variation)

ranged from 0.30 to 0.67. The SWUE were relatively stable (ranging

from 0.30-0.40) with small interannual fluctuations before 2000.
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There was a large instability of WUE after 2000. To be more

specific, it increased sharply in 2000, 2001, and 2007, with the

greatest volatility in 2007.

The six classes of SWUE, namely non-significant stable, stable,

relatively stable, generally stable, relatively unstable, and unstable in

China, account for 33.59%, 15.09%, 12.88%, 19.39%, 12.14%, and

6.91%, respectively (Figure 6 and Table 2). Overall, WUE was stable

in the northwest and Tibetan Plateau, where the trend was mainly

nonsignificant; while it was unstable in the northeast, southwest,

and Yangtze River basin, where theWUE trends were dominated by

negative reversals. In NFPP areas, the WUE was stable in Three-

North shelterbelt program areas and the stable and relatively stable

WUE accounted for 17.57% and 12.03%, respectively. the relatively

stable WUE accounted for 32.81% in Coastal shelterbelt program

areas. However, in the Liaohe and Taihang Mountains shelterbelt

programs areas, the percentage of the relatively unstable and

unstable WUE accounted for 57.00% and 45.62%, respectively. In

Taihang Mountains shelterbelt program areas, the WUE was

dominated by monotonically increasing trends and positive
A B D

E F G H

C

FIGURE 3

The linear and nonlinear trend of WUE in eight NFPP areas based on linear regression method and EEMD method (A: Three-north areas; B: Yellow
River areas; C: Yangtze River shelterbelt program areas; D: Pearl River areas; E: Liaohe River areas; F: Taihang Mountains areas; G: Huaihe and Taihu
areas; H: coastal areas).
FIGURE 2

The linear and nonlinear trend of WUE in the whole of China based on linear regression method and EEMD method.
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reversals, while the WUE usually experienced negative reversals in

Liaohe River areas. It is indicated that WUE with nonlinear trends

(positive reversals and negative reversals) are generally unstable,

which may be influenced by climatic or anthropogenic factors,

leading to positive shifts or negative feedback.
3.3 The dominant climatic factors
on the SWUE

To investigate the mechanism of climate fluctuations on

SWUE in different regions of China, we analyzed the spatial

distribution of the main climatic factors on the SWUE in China

(Figure 7). The results show that the spatial variation of SWUE
Frontiers in Plant Science 069998
was mainly influenced by VPD in southwestern and northeastern

China and along the Yangtze River, where the WUE was unstable.

Temperature and solar radiation were the dominant factors for

interannual fluctuations of WUE in the North China Plain and

central Yangtze River, where the WUE was relatively unstable. In

the NFPP areas, VPD was the main driving factor for the

interannual variables of WUE in the Yangtze River, Pearl River,

and Liaohe River shelterbelt program areas, accounting for

38.25%, 49.38%, and 65.85%, respectively (Table 3). This

indicates that the WUE was affected by atmospheric drought in

these ecological project areas, which led to low SWUE.

Precipitation and soil moisture were the main driving factors for

the interannual variables of WUE in the Yellow River and Tibetan

Plateau, where the WUE was stable. Temperature and radiation
FIGURE 4

The spatial distribution of the nonlinear trend of WUE in China (Monotonical IN: increasing trends; IN to DE: decreasing trends; IN to DE: negative
reversals; DE to IN: positive reversals; A: Three-north areas; B: Yellow River areas; C: Yangtze River shelterbelt program areas; D: Pearl River areas; E:
Liaohe River areas; F: Taihang Mountains areas; G: Huaihe and Taihu areas; H: coastal areas).
TABLE 1 The percentage of nonlinear trends of WUE in China and eight NFPP areas.

Region Nonsig Monotonical IN Monotonical DE IN to DE DE to IN

Whole China 33.59 34.19 1.86 10.64 19.72

Three-North 35.10 29.75 2.63 10.28 22.24

Yellow River 6.89 47.45 0 1.02 44.63

Yangtze River 18.54 17.94 0.89 51.35 11.28

Pearl River 23.92 57.90 0.05 8.03 10.10

Liaohe River 35.96 38.94 2.92 14.53 7.62

Taihang Mountains 8.20 69.42 0.06 3.65 18.68

Huaihe and Taihu 10.33 72.25 0.96 3.36 13.10

Coastal 23.12 51.50 0.73 9.92 14.72
fr
* Nonsig, nonsignificant trends; Monotonical IN, increasing trends; IN to DE, decreasing trends; IN to DE, negative reversals; DE to IN, positive reversals.
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promoted interannual variables of WUE in the Taihang

Mountains and Yangtze River shelterbelt program areas, where

the WUE was relatively unstable. The overall contribution of CO2

to SWUE was low in eight NFPP areas. It indicated that VPD,

temperature, and radiation lead to unstable changes in WUE,

while precipitation and soil moisture lead to stable changes.

Therefore, differences in the dominant climate factors in

different regions need to be considered when exploring the

influence of climate on the SWUE in China.
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4 Discussion

4.1 The nonlinear trend of WUE

The core meaning of WUE can be summarized as the ratio of

productivity to water consumption (El Masri et al., 2019; Jiao et al.,

2022). A deep understanding of the WUE trend is an important

entry point for coupling the water-carbon cycle, energy conversion,

resource use, and climate change issues, especially in the ecological
FIGURE 6

The spatial distribution of stability in WUE in China (non sig: non-significant stability of WUE. A: Three-north areas; B: Yellow River areas; C: Yangtze
River shelterbelt program areas; D: Pearl River areas; E: Liaohe River areas; F: Taihang Mountains areas; G: Huaihe and Taihu areas; H: coastal areas).
FIGURE 5

EEMD decomposition for averaged WUE in China (interannual anomalies (IMF1-IMF4); residual trend; stability).
frontiersin.org

https://doi.org/10.3389/fpls.2023.1254395
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Xu et al. 10.3389/fpls.2023.1254395
FIGURE 7

The dominant driving factors of WUE in China (A: Three-north areas; B: Yellow River areas; C: Yangtze River shelterbelt program areas; D: Pearl
River areas; E: Liaohe River areas; F: Taihang Mountains areas; G: Huaihe and Taihu areas; H: coastal areas).
TABLE 3 The percentage of driving factors of WUE in China and eight NFPP areas.

Region CO2 Tem Pre Soil Rad VPD

Whole China 6.89 21.23 13.48 13.54 12.48 32.34

Three-North 7.18 16.54 16.29 28.17 4.27 27.55

Yellow River 8.48 12.54 32.56 25.83 1.64 18.95

Yangtze River 4.18 27.21 8.89 9.82 11.65 38.25

Pearl River 5.95 13.88 5.54 5.25 25.54 49.38

Liaohe River 5.26 12.56 12.54 1.53 2.25 65.86

Taihang Mountains 3.92 32.86 33.79 4.89 6.26 18.28

Huaihe and Taihu 8.15 26.75 4.89 4.15 43.87 12.19

Coastal 3.59 35.57 11.53 8.89 25.29 15.16
F
rontiers in Plant Science
 08101100
 frontie
* Tem, temperature; Pre, precipitation; Soi, soil moisture; Rad, radiation; VPD, vapor pressure deficit.
TABLE 2 The percentage of stability of WUE in China and eight NFPP areas.

Region Nonsig Stable Relative stable General stable Relative unstable Unstable

Whole China 33.59 15.09 12.88 19.39 12.14 6.91

Three-North 35.41 17.57 12.03 13.56 12.00 9.70

Yellow River 6.89 0.67 28.89 34.24 17.55 11.77

Yangtze River 34.47 7.89 16.62 23.48 13.16 4.38

Pearl River 23.95 0.03 19.10 41.21 13.44 2.27

Liaohe River 35.93 0.00 0.39 6.68 25.98 31.02

Taihang Mountains 8.25 0.00 10.65 35.47 32.79 12.83

Huaihe and Taihu 10.38 0.00 22.8 55.46 10.42 1.26

Coastal 22.74 2.54 32.81 34.47 6.45 0.98
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restoration areas (Jiao et al., 2022). Basing on linear method,

previous studies revealed that the WUE shows an increasing

trend with a rate of 0.0025 gC kg/H2O/yr globally (Xue et al.,

2015; Yang L. et al., 2022; Zhao et al., 2022). In this study, the WUE

was also dominated by increasing trends (34.19%) in China, while

decreasing trends only accounted for 1.86%. Additionally, the

nonlinear trends of WUE were detected by the EEMD method.

19.72% of WUE had positive reversals while 10.64% exhibited

negative reversals, which is rarely explored by the linear methods

(Jiao et al., 2022). Ignoring non-linear changes in WUE may

lead to an overestimation of ecosystem productivity and an

underestimation of water deficit (Hatfield and Dold, 2019). Thus,

revealing the nonlinear trends of WUE provided a deep

understanding of ecosystem functioning (Jiao et al., 2022). In

eight NFPP areas, WUE was dominated by increasing trends or

positive reversals. The time of turning points mainly occurred in

2000-2005, aligning well with the implementation of the NFPP

(Chen et al., 2019). The restoration project has increased the area of

forest and scrub at high WUE levels, and significantly reduced the

area of farmland and grassland at low WUE levels, thus increased

the overall WUE. This shows that the implementation of ecological

restoration projects will improve the sustainability of WUE to a

certain extent (Ding et al., 2021). However, in the Yangtze River

shelterbelt program areas, the negative reversals of WUE accounted

for 51.35%, indicating that the Yangtze River basin is facing reduced

productively and drought risks, which limits crop production and

triggers grassland fires secondary disasters, such as grassland fires

and crop pests and diseases (Venkatappa et al., 2021).
4.2 The stability of WUE

Although the spatial distribution of the WUE trend has been

determined using linear or nonlinear trends in previous studies, the

stability of WUE remained unclear (Rödenbeck et al., 2018; Jiao

et al., 2022). Jiao et al. (2022) obtained the WUE stability through

the contribution of inter-annual variables to the secular trend, and

revealed that the WUE was strongly stable in the north and Loess

Plateau while interannual variables were found in the southwest.

The trend itself can reflect the stability of the WUE. In this study,

based on the EEMD method, the standard deviation of residual

trends of WUE is used as the indicator of stability, and the spatial

variations of SWUE were compared and analyzed. The change in

WUE experienced large inter-annual fluctuations after 2000,

especially from 2000 to 2005. Overall, compared to northwestern

China and the Tibetan Plateau, the WUE in eastern China was

much more unstable. A previous study showed that most of the

ecological functioning has been improved in China (Jin et al., 2018).

In this study, the unstable WUE experienced positive reversals or

negative reversals. The traditional linear methods that ignore non-

linear trends exaggerate the stability of WUE (Hao et al., 2021).

Thus, there are hidden risks beneath apparent ecosystem

degradation, and ecosystem improvement or degradation may be

limited and exaggerated (Pan et al., 2018).

Previous studies have revealed that ecological restoration

promotes the improvement of ecosystem functioning (Yang et al.,
Frontiers in Plant Science 09102101
2017; Song et al., 2022). In this study, the WUE was stable with

increasing trends in the Pearl River, Huaihe and Taihu, coastal

shelterbelt program areas. Although WUE was unstable in the

Yellow River and Taihang Mountains shelterbelt program areas, it

experienced positive shifts. Previous studies have shown that the

ecological restoration program contributed to a significant increase

in vegetation productivity in the Yellow River and Taihang

Mountains shelterbelt program areas (Xue et al., 2022). It is

indicated that most ecological restoration projects in China

enhance carbon sequestration thus leading to increasing trends or

positive shifts in WUE (Xue et al., 2022). However, some ecological

restoration may inhibit or reverse the trend in WUE (Lu et al.,

2018). Our result demonstrated that WUE was unstable and may be

easily altered from increasing to decreasing in the Yangtze River

shelterbelt program areas. In the Yangtze River shelterbelt program

area, the massive planting of trees stimulates an increase in the

water demand of the forest, which in turn absorbs large amounts of

soil water and stimulates increased evapotranspiration (Zhang et al.,

2016). The simultaneous increase in productivity and

evapotranspiration can lead to fluctuating changes in WUE,

especially during the implementation phase of the ecological

project from 2000-2005 (Tong et al., 2019). In addition, the

Yangtze River is in the East Asian monsoon climate zone and is

significantly influenced by the monsoon, with frequent drought

disasters (Hong et al., 2014). Studies have shown that drought

events in the Yangtze River have begun to increase and intensify in

recent years, which deeply affected vegetation productivity (Horion

et al., 2016). In areas with significant human influence and stable

WUE, such as the southeastern coast, there is little room for further

improvement of WUE stability. Therefore, achieving the

sustainability of WUE may depend on reducing anthropogenic

carbon emissions in these areas (Wang et al., 2022). Therefore, the

spatial heterogeneity in WUE stability underscores the importance

of implementing management strategies according to the

local condition.
4.3 Driving mechanism of WUE

Climate change has a profound impact on the functioning of

ecosystems and, as a result, on the coupled cycles of carbon and

water (Liu et al., 2020). Some climatic factors influence the trend

and stability of WUE, such as CO2 concentration, VPD,

temperature, precipitation, soil moisture, etc. (Cheng et al., 2017;

Hatfield and Dold, 2019). In our study, the stability variation of

WUE is mainly caused by precipitation and soil moisture, while

instability is mainly induced by saturation water vapor pressure

difference, temperature, and solar radiation in China.

Previous studies suggested that the atmospheric water demand,

represented by VPD overrode other climatic factors exerting

dominantly negative effects on WUE change in alpine meadow

ecosystems (Cheng et al., 2017). In this study, the VPD played a

dominant role in controlling the instability of the WUE trend in the

Yangtze River and Liaohe River shelterbelt program areas, where

the WUE experienced negative reversals. By controlling plant

stomatal activity, atmospheric drought can affect carbon
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acquisition and water transpiration losses (Konings et al., 2017). In

recent years, China has undergone an increase in atmospheric vapor

pressure deficit (Lopez et al., 2021). VPD plays a dominant role in

controlling ET in these areas, with higher VPD leading to a

dramatic increase in ET (Liu et al., 2020). Additionally, high VPD

should lead to partial stomatal closure and suppression of

photosynthetic rates (Ding et al., 2018). All these effects could

lead to a negative response of WUE to changes in VPD (Cao et al.,

2020). This negative impact is becoming stronger in terms of the

severity and extent of the effects, indicating that atmospheric

drought is becoming increasingly harmful to productivity (Ding

et al., 2018). Therefore, in areas where VPD has led to a decline in

WUE, the impact of atmospheric drought on vegetation should be

closely monitored and the negative impact of atmospheric drought

on vegetation should be reduced through artificial measures, such as

artificial rainfall and irrigation.

Temperature and radiation are the dominant controlling factors

on the instability of WUE in the Taihu and Huaihe and coastal

shelterbelt program areas. In the Taihu Lake and Huaihe River

shelterbelt program area, the increase of temperature promotes the

increase in WUE, while in some coastal areas, the increase of

temperature suppresses the increase in WUE and shifts it from

decreasing to increasing. The appropriate increase in temperature

prolongs the growth period of plants, leading to a higher increase in

GPP than ET, resulting in a monotonic increase in WUE in the

Huaihe and Taihu shelterbelt program areas. However, in coastal

areas, especially in subtropical areas, the temperature increase

promotes ET much more than GPP, resulting in negative

reversals and large interannual fluctuations in WUE. There is a

threshold for the effect of temperature on water utilization and a too

high or too low temperature can harm plant WUE (Hatfield and

Dold, 2019). When the temperature is below the threshold, WUE

increases with increasing temperature, while when the temperature

is above the threshold, WUE shows a negative relationship with

temperature (Hatfield and Dold, 2019). The main reason is that

enzyme activity is significantly affected when the optimum

temperature is reached (Huang M. et al., 2015). Conversely, an

increase of temperature causes an increase in VPD and thus

increases the transpiration rate of vegetation (Xue et al., 2015).

Xue et al. (2015) found that globally, WUE tended to increase

linearly with temperature in the cooler regions, reaching a

maximum at 18.5°C and decreasing thereafter. Therefore, high

temperatures can cause instability in WUE with negative

reversals. Thus, more attention should be paid to the high

temperature, especially heat waves. In addition, with the

economically developed eastern coast and the rapid expansion of

urbanization, vegetation productivity is dominated by decreasing or

increasing to decreasing trends, leading to negative reversals and

instability in WUE (Liu et al., 2023).

Precipitation and soil moisture promoted the stability

of WUE in the Yellow River shelterbelt program areas.

Precipitation and soil moisture in these areas are relatively low

and are crucial elements determining ecosystem composition,

structure, and function (Zhang et al., 2020). Interannual

variation in vegetation productivity in semi-arid regions is

closely related to interannual variables of drought and
Frontiers in Plant Science 10103102
precipitation (Zhang et al., 2020; Yang L. et al., 2022).

Moderate rainfall could offset the effect of drought and keep

the stability of WUE in the Yellow River program area (Cai et al.,

2020; Wang M. et al., 2021). Previous studies revealed that WUE

was positively correlated with precipitation and specific

humidity (Xue et al., 2015; Wang H. et al., 2021). Liu et al.

(2020) suggested that increased soil moisture contributed to a

positive trend in WUE in humid and high latitudes of northern

China, which could also enhance carbon sequestration because

of the increased water availability (Liu et al., 2020). In addition,

the Yellow River basin is the most effective area for ecological

restoration projects in China, such as Natural Forest protection,

afforestation, economic compensation, etc., which enhance

carbon accumulation and greatly contribute to the increasing

trends and stability in WUE (Kou et al., 2021; Zhang et al., 2022).
5 Conclusions

The stable WUE was dominated by nonsignificant trends and

increasing trends, accounting for 33.59% and 34.19%, respectively.

The nonsignificant trend of stable WUE was mainly located in

Three-North shelterbelt program areas, and the increasing trend of

stable WUE was in Huaihe and Taihu, Taihang Mountains, and

Pearl River shelterbelt program areas. Precipitation and soil

moisture promoted stable WUE in these project areas. The

unstable WUE was dominated by positive reversals or negative

reversals of WUE trends. The positive reversals of unstable WUE

were mainly located in the Yellow River shelterbelt program areas,

which was promoted by temperature and radiation, while the

negative reversals of unstable WUE were mainly distributed in

the Yangtze River and Liaohe shelterbelt program areas, which was

mainly induced by VPD.
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Introduction: The photosynthetic electron transport chain (ETC) is the bridge

that links energy harvesting during the photophysical reactions at one end and

energy consumption during the biochemical reactions at the other. Its

functioning is thus fundamental for the proper balance between energy supply

and demand in photosynthesis. Currently, there is a lack of understanding

regarding how the structural properties of the ETC are affected by nutrient

availability and plant developmental stages, which is a major roadblock to

comprehensive modeling of photosynthesis.

Methods: Redox parameters reflect the structural controls of ETC on the

photochemical reactions and electron transport. We conducted joint

measurements of chlorophyll fluorescence (ChlF) and gas exchange under

systematically varying environmental conditions and growth stages of maize

and sampled foliar nutrient contents. We utilized the recently developed steady-

state photochemical model to infer redox parameters of electron transport from

these measurements.

Results and discussion: We found that the inferred values of these

photochemical redox parameters varied with leaf macronutrient content.

These variations may be caused either directly by these nutrients being

components of protein complexes on the ETC or indirectly by their impacts

on the structural integrity of the thylakoid and feedback from the biochemical

reactions. Also, the redox parameters varied with plant morphology and

developmental stage, reflecting seasonal changes in the structural properties

of the ETC. Our findings will facilitate the parameterization and simulation of

complete models of photosynthesis.

KEYWORDS

photosynthesis, photosynthetic electron transport, redox parameters, leaf
characteristics, plant growth stages, maize
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1 Introduction

The photosynthetic electron transport chain (ETC) between

photosystem II (PSII) and photosystem I (PSI) is a key bridge in

photosynthesis. It links photophysical reactions at one end and

biochemical reactions at the other, while photochemical reactions

occur on this bridge (Kamen, 1963; Gu et al., 2023a). The

photophysical reactions are responsible for photon harvesting,

exciton transfer to reaction centers, and the dissipation of excess

energy as heat and fluorescence. The photochemical reactions

convert the excitons into free electrons and transport them down

the ETC, resulting in water splitting in the lumen, proton

translocation from the stroma to the lumen, and the synthesis of

NADPH and ATP. The biochemical reactions use the NADPH and

ATP produced to reduce CO2 to sugars and to oxygenate RuBP

(Kamen, 1963; Gu et al., 2023a). Because the three stages of the

reactions are sequentially connected, the balance between them is

crucial for the photosynthetic machinery to operate productively

and safely in fluctuating environments.

Among the three reaction stages of photosynthesis at the leaf

scale, the photochemical reactions at the ETC are the least studied.

The photophysical reactions have long been probed with Pulse

Amplitude-Modulated (PAM) fluorometry (Baker, 2008), whereas

extensive research has been conducted on the biochemical reactions

with the gas exchange technique (von Caemmerer and Farquhar,

1981). In contrast, there has been a lack of a technique that can be

used to directly and quantitatively monitor the ETC and the

photochemical reactions that occur on it. This lack of quantitative

study of the ETC and the photochemical reactions has hindered

progress on multiple fronts. For example, many components of the

photophysical and biochemical reactions have been targeted for

bioengineered modification to improve the efficiency of

photosynthesis, including the size of the light-harvesting antenna

complex (Kirst et al., 2017; Cardona et al., 2018), nonphotochemical

quenching (Kromdijk et al., 2016; De Souza et al., 2022), and

Rubisco kinetics (Lin et al., 2014). Currently, it is not clear

whether the ETC will be capable of supporting these proposed

modifications in such a way that the modified photosynthetic

machinery will operate as expected under field conditions. This

issue is of relevance for crop bioengineering because the ETC is

likely suboptimal under current environmental conditions (Chida

et al., 2007; Simkin et al., 2017; Ermakova et al., 2019) and may also

need to be modified to support increased electron transport demand

without suffering from excessive photooxidative stress (Sonoike,

2011; Vass, 2012). Resolving this issue will require a better

understanding of the ETC and the factors that control

photochemical reactions (Gu, 2023b).

Another example of areas that call for increased research on the

ETC is applications of sun-induced chlorophyll fluorescence (SIF) to

monitor CO2 assimilation in real time under field conditions (Sun

et al., 2023a; Sun et al., 2023b). SIF is emitted during the

photophysical reactions as one of the dissipation pathways of

photon energy harvested by antenna complexes, while CO2

assimilation is part of the biochemical reactions. Using SIF to infer

CO2 assimilation requires a complete model of photosynthesis that

integrates the photophysical, photochemical, and biochemical
Frontiers in Plant Science 02107106
reactions. To make this complete model of photosynthesis a reality,

knowledge of electron transport along the ETC is essential (Gu

et al., 2019).

Recently, we developed a mechanistic photochemical model of

electron transport that relates the rate of linear electron transport to

the redox state of PSII (Gu et al., 2023a). This model can be coupled

with the photophysical model of Gu et al. (2019) and the

biochemical model of Farquhar et al. (1980) to form a complete

model of photosynthesis. However, before such a complete model of

photosynthesis can be applied, it is necessary to determine the

variabilities of the parameters of the photochemical model and

which biotic and abiotic factors may affect these variabilities. This is

analogous to the study of parameter variabilities in the biochemical

model of photosynthesis (e.g., Walker et al., 2014). The parameters

of the photochemical model reflect the characteristics of the redox

reactions, which are controlled by the structural properties of the

ETC. In this study, we conducted PAM fluorometry and gas

exchange measurements on maize leaves at different

developmental stages and canopy depths. After these

measurements, leaf samples were taken for laboratory analyses of

nutrient content and morphology. We inferred photochemical

parameters from PAM fluorometry measurements and related

them to foliar nutrient content and morphological indices to

answer the following questions: How variable are the

photochemical parameters of the ETC? Are photochemical

parameters affected by leaf nutrient contents and morphology?

How are variations in photochemical parameters related to each

other? As the first study in this area, the answers to these questions

should guide future research on other species.
2 Materials and methods

2.1 Site description and plant material

The study was conducted at the Luancheng Agro-ecological

Experimental Station (37°53′ N, 114°41′ E, elevation 50.1 m). The

dominant cropping system in this region is winter wheat (Triticum

aestivum L.) and summer maize (Zea mays L.) rotations without

fallow. Summer maize is planted from mid-June to early October,

and winter wheat is cultivated from late October to early June of the

following year. The climate is a warm temperate semi-humid

monsoon, with cold winters and warm summers. The mean

annual air temperature and precipitation for the period 1984 -

2016 were 12.6°C and 438.3 mm, and in 2022, 25.3°C and 492 mm

occurred in the summer maize season (June-September),

respectively. The soils are mainly cinnamon soils, containing 23.4

g kg-1 organic matter, 1.42 g kg-1 total N, 135 mg kg-1 available N,

18.9 mg kg-1 available P, and 98.4 mg kg-1 available K in the topsoil

(0-20 cm).

Summer maize, Zhengdan 958, was sown on 18 June 2022 at 60

cm row spacing and 25 cm plant spacing, and harvested on 4

October 2022. Before sowing, winter wheat was harvested, and the

straw was chopped and returned to the field. Subsequently, summer

maize was planted with a no-till seeder equipped with a fertilizer

distributor, and 600 kg ha-1 compound fertilizer (N: P2O5: K2O =
frontiersin.org
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30:5:5) was applied as basal fertilizer. On the fifth day after sowing,

the plants were fully irrigated to ensure even germination. With the

exception of a herbicide application in early July, no other

management measures were applied during plant growth.
2.2 Gas exchange and chlorophyll
fluorescence measurements

Using fully expanded leaves from the bottom to the top of the

canopy, combined gas exchange and chlorophyll fluorescence

(ChlF) measurements of summer maize were conducted at the

seedling (8 July), jointing (17 July), flowering (29 July, 11 August),

filling (20 August), and maturity (7 September, 21 September)

stages. Measurements were made between 9:00 and 16:00 using a

LI-6400XT portable photosynthesis system (Li-Cor, Lincoln, NE,

USA) fitted with a LI-6400-40 fluorescence leaf chamber. It is

important to note that photosynthetic light response and CO2

response curves were measured together with ChlF on one leaf

without moving the leaf chamber in between. Minimum

fluorescence (Fo) and maximum fluorescence (Fm) in the dark-

adapted state were measured pre-dawn. To produce light response

curves and ChlF, the portable photosynthesis system was set to 400

mmol mol-1 CO2, airflow at 500 mmol s-1, photosynthetically active

radiation (PAR) at 1800 mmol m-2 s-1, and leaf temperature and

relative humidity at ambient levels. Once net photosynthesis rate

(A) and stomatal conductance (gs) were stable, PAR was lowered

sequentially to 1600, 1400, 1200, 1000, 800, 600, 400, 200, 150, 100,

50, 20, and 0 mmol m-2 s-1, and measurements were taken at each

PAR as A reached steady state. Following completion of the light

response curves, PAR was switched to 1600 mmol m-2 s-1, and CO2

response curves and ChlF were measured using the following

sequence of CO2 concentrations: 400, 300, 200, 150, 100, 50, 400,

400, 600, 800, 1000, and 1200 mmol mol-1. Before each

measurement, the CO2 and water vapor concentrations were

automatically matched between the leaf and reference chambers.

Finally, a total of 22 ChlF and gas exchange data were obtained for

parameter calculation.
2.3 Leaf characteristics

After gas exchange measurements, leaves were harvested for the

determination of leaf area with an electronic area meter (LI-3000A,

Li-Cor, Lincoln, NE), leaf thickness with a digital micrometer

(Mitutoyo, Japan), and dry mass after drying at 60°C to a

constant mass. Specific leaf weight was then calculated as the

ratio of leaf dry weight to leaf area. Subsequently, dried leaf

samples were ground, nitrogen content (N) was determined by

the Kjeldahl method (Kjeltec 8400, Foss, Sweden), phosphorus

content (P) was measured by the molybdate colorimetric method

(UV-2450, Shimadzu, Japan), and potassium (K) and calcium (Ca)

contents were determined by a flame atomic absorption

spectrophotometer (Analytik Jena, Germany). In total, six leaf

characteristics were quantified: leaf thickness, specific leaf weight,

foliar N, P, K, and Ca contents.
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2.4 Inference of redox reaction parameters

Gu et al. (2023a) derived a steady-state redox model to study the

relationship between electron transport and the redox state of the

ETC. According to this model, the linear electron transport (LET)

rate from PSII to PSI (JPSII) is photochemically related to the

fraction of open PSII reaction centers (q) via the following

equations:

JPSII =
2UfTfsfq(qr − q)q

(R1 + 2R2fsfq − 1)q + qr
, (1)

U = uNPQT
NcytT , (2)

R1 =
rr
rd

, (3)

R2 =
u
rd

� NcytT

NPSII
, (4)

fT =

ffiffiffiffiffiffi
T0

T

r
e
ET

1
T0
− 1
T

� �
, (5)

fs =
v

vmax
=

1

1 + cse
−bs�aPAR , (6)

fq =
1 + aq

1 + aq � q
, (7)

where U is the maximum oxidation potential of the combined

mobile plastoquinone/plastoquinol (PQ/PQH2) pool by the

cytochrome b6f complex (Cyt). R1 and R2 are the first and second

electron transport resistances, respectively. u is the second-order

rate constant for the oxidation of PQH2 by the RieskeFeS protein of

Cyt. rd and rr are the second-order rate constants for the electron

transfer from the reduced acceptor to PQ to form PQH2 and for the

reverse reaction, respectively. NPSII , NPQT
, and NcytT are the total

foliar concentrations of PSII, the combined PQ and PQH2 pool, and

Cyt for linear electron transport, respectively. qr is the fraction of

reversible PSII reaction centers, which may be less than unity due to

the presence of inhibited and QB-nonreducing PSII reaction centers

and the two-electron gate.

Equation 1 also contains three function modifiers, fT, fs, and fq.

fT (Equation 5) is the standardized temperature (T) response

function for modifying redox reactions derived from the Marcus

theory of electron transfer in proteins. ET is a composite

temperature sensitivity parameter related to the Gibbs free energy

of activation. T0 = 298.15 K is the reference temperature. fs
(Equation 6) is the light-induced thylakoid ultrastructure dynamic

function, which quantifies the degree of thylakoid ultrastructural

control over electron transport. This ultrastructural control is

achieved by regulating the effect of macromolecular crowding on

the diffusion of mobile electron carriers and the effective availability

of Cyt for linear electron transport (LET) (Gu et al., 2022). v is the

total thylakoid volume at a given PAR level and swells/shrinks in

response to osmotic water fluxes into and out of the lumen, similar
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to the guard cell turgor pressure dynamics. vmax is the maximum

thylakoid volume when it is fully swollen. bs controls the speed of

light-induced swelling/shrinking, while cs inversely determines the

maximum net impact of macromolecular crowding on the effective

availability of Cyt for LET. fs varies between a value determined by cs
(thylakoid minimally shrunk in the dark) and 1 (thylakoid

maximally expanded in full light). fq is the photosynthetically

controlled redox poise balance function between Cyt and PSII,

with aq as the redox poise stoichiometry parameter. This function

relates the fraction of Cyt available for LET, denoted by hCyt, to the

fraction of PSII open reaction centers (i.e., q) via hCyt = fq × q. aq = 0

gives the redox isocline between Cyt and PSII (hCyt = q, Gu et al.,

2023a), and is a special case that has been assumed in previous

studies (e.g., Johnson and Berry, 2021). If aq > 0, hCyt > q, it indicates

that PSII is more strained than Cyt for LET. If aq< 0, hCyt< q, it

indicates that Cyt is more strained than PSII for LET.

It should be noted that the photochemical model of the JPSII – q

relationship of Gu et al. (2023a) is complementary to, but

fundamentally different from, the corresponding photophysical

JPSII - q relationship of Gu et al. (2019). The former is a

consequence of redox reactions at the ETC, while the latter

reflects the partitioning of the absorbed energy into different

dissipation pathways according to the principle of energy

conservation. These two models can be used together to couple

the photophysics with the photochemistry of photosynthesis. A

detailed discussion of this topic is available in Gu et al. (2023a).

Using the steady-state photochemical model in conjunction

with ChlF and gas exchange data, we can infer the redox parameters

of summer maize at different growth stages. To do so, we calculated

JPSII (mmol m-2 s-1) with JPSII = FPSII � abPAR. Here, FPSII =

1 − Fs
F
0
m
is the photochemical yield of PSII, PAR (mmol m-2 s-1) is

the incident photosynthetically active radiation, a = 0.85 is the leaf

absorptance in PAR, and b = 0.5 is the fraction of absorbed PAR

allocated to PSII. We assumed a lake model of photosynthetic unit

connectivity and calculated q as ql =
F
0
m−Fs

F
0
m−F

0
o
� F

0
o
Fs

(Kramer et al.,

2004), F
0
o =

Fo
Fv
Fm

+ Fo

F
0
m

(Oxborough and Baker, 1997) and F
0
m are

minimum, maximum fluorescence yield in the light-adapted state,

and Fo and Fm are minimum, maximum fluorescence yield in the

dark-adapted state, respectively, and Fs is the steady-state

fluorescence yield. As explained in Gu et al. (2023a), the form of

Equation 1 is independent of any assumption regarding the

connectivity of the photosynthetic unit, but its parameter values

may depend on whether the lake or puddle model is assumed, as the

value of q (but notFPSII and therefore JPSII, Kramer et al., 2004) will

be different.

Equation 1 contains eight independent composite redox

parameters in total (U, R1, R2, qr, ET, cs, bs, and aq). We estimated

these eight redox reaction parameters by fitting the modeled JPSII
as closely as possible to the measured values with the Tool for

Optimizing the Open-Closed Redox Model (TOOCRM) of

photosynthetic electron transport developed by and provided

in Gu et al. (2023a). TOOCRM is a convenient Excel

spreadsheet-based tool that uses the evolutionary method for

parameter optimization.
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2.5 Statistical analyses

We evaluated model performance by comparing predicted and

measured JPSII – q relationships at different growth stages and

canopy heights and examining their correlation. The relationships

between redox parameters (U, R1, R2, qr, aq, ET, bs, and cs) and leaf

characteristics (specific leaf weight, leaf thickness, N, P, K, and Ca),

in addition to the relationships among these redox parameters, were

examined by multiple regression. The goodness of fit of the model

was evaluated by the coefficient of determination (R2) and analysis

of variance (p-value). Multivariate partial least squares regression,

including leave-one-out cross-validation and jackknife estimation

of regression coefficients, was performed to examine the

associations between redox parameters and specific leaf weight,

leaf thickness, N, P, K, and Ca. Additionally, we analyzed the

temporal variation of redox parameters and leaf characteristics at

different growth stages.
3 Results

3.1 Model performance

As shown in Figures 1, 2, we found close agreement between the

observed and modeled JPSII – q relationships at different growth

stages and canopy heights and almost perfect correlations between

modeled and measured JPSII. Table 1 summarizes the test statistics

for model performance. Our evaluation is consistent with that

reported by Gu et al. (2023a), and indicated that the steady-state

photochemical model performed well in reproducing the

relationship between the linear electron transport rate and the

fraction of open PSII reaction centers and that our use of the JPSII
– q equation to infer redox parameters was warranted.
3.2 Relationships between redox
parameters and leaf characteristics

We examined all 48 relationships between the eight redox

parameters and six leaf characteristic parameters (8 × 6 = 48). 18

of the 48 relationships were statistically significant and are shown in

Figures 3–13. U decreased with leaf thickness and Ca (Figures 3A,

B) but increased with leaf N and K (Figures 3C, D). Power functions

can reflect the relationships between U and leaf thickness

(Figure 3A, R2 = 0.489, p = 0.000) and between U and N

(Figure 3C, R2 = 0.023, p = 0.014), while a linear function and a

quadratic polynomial can fit the relationship between U and Ca

(Figure 3B, R2 = 0.201, p = 0.036), and that between U and K

(Figure 3D, R2 = 0.745, p = 0.000), respectively. Partial least squares

regression revealed that specific leaf weight (negative, p=0.031), N

(positive, p = 0.015), P (negative, p=0.013), and K (positive, p =

0.041) significantly influenced U (R2 = 0.566, Figures 4A, 5A). R1
decreased with leaf K, and an exponential function can describe the

relationship between them (Figure 6, R2 = 0.122, p = 0.033). R2
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decreased with specific leaf weight, leaf thickness, leaf N, P, and Ca

(Figures 7A–E). Linear relationships were found between R2 and

specific leaf weight (Figure 7A, R2 = 0.293, p = 0.009), leaf N

(Figure 7C, R2 = 0.183, p = 0.047), and P (Figure 7D, R2 = 0.262, p =

0.015), while exponential relationships were found between R2 and

leaf thickness (Figure 7B, R2 = 0.113, p = 0.019) and leaf Ca

(Figure 7E, R2 = 0.081, p = 0.027). Partial least squares regression
Frontiers in Plant Science 05110109
revealed that specific leaf weight (p = 0.047) and N (p = 0.025) were

negatively related to R2 (R
2 = 0.073, Figures 4B, 5B). qr appeared to

be a peaked function of specific leaf weight, leaf N, and P, with both

low and high values of these leaf characteristics lowering qr
(Figures 8A–C). As a result, quadratic polynomial functions can

describe the relationships between qr and specific leaf weight

(Figure 8A, R2 = 0.512, p = 0.008), between qr and N (Figure 8B,
B

C D

A

FIGURE 2

Examples demonstrating the performance of the steady-state photochemical model for predicting the linear electron transport rate (JPSII) as a
function of the fraction of open PSII reaction centers (ql) at the flowering stage. Inset: Comparison of measured vs. modeled JPSII. (A): Bottom; (B):
Lower middle; (C): Upper middle; (D): Top.
B

C D

A

FIGURE 1

Examples demonstrating the performance of the steady-state photochemical model for predicting the linear electron transport rate (JPSII) as a
function of the fraction of open PSII reaction centers (ql) for top canopy leaves at different growth stages. Inset: Comparison of measured vs.
modeled JPSII. (A): Jointing (17 July); (B): Flowering (29 July); (C): Filling (20 August); (D): Maturity (7 September).
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TABLE 1 The correlation between modeled and measured linear electron transport rate (JPSII).

Date Position Equation R2 p

8 July y=1.00x+0.34 0.987 0.000

17 July
Bottom y=1.00x+0.29 0.996 0.000

Top y=1.00x+0.57 0.997 0.000

29 July

Bottom y=1.00x+0.35 0.997 0.000

Middle y=1.00x+0.10 0.995 0.000

Top y=1.00x+0.17 0.997 0.000

11 August

Bottom y=1.00x+0.53 0.996 0.000

Lower middle y=1.00x+0.23 0.995 0.000

Upper middle y=1.00x+0.47 0.997 0.000

Top y=1.00x+0.59 0.998 0.000

20 August

Bottom y=1.02x-1.48 0.986 0.000

Lower middle y=1.00x+0.56 0.996 0.000

Upper middle y=0.99x+0.68 0.996 0.000

Top y=1.01x-0.74 0.995 0.000

7 September

Bottom y=1.01x-0.49 0.995 0.000

Lower middle y=0.99x+0.60 0.998 0.000

Upper middle y=0.99x+0.82 0.998 0.000

Top y=0.99x+0.90 0.999 0.000

21 September

Bottom y=1.00x-0.23 0.987 0.000

Lower middle y=1.00x-0.15 0.991 0.000

Upper middle y=1.00x+0.45 0.997 0.000

Top y=1.00x-0.60 0.997 0.000
F
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FIGURE 3

The relationships between the redox parameter U and leaf characteristics during summer maize growth. (A): U-leaf thickness; (B): U-Ca; (C): U-N; (D): U-K.
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FIGURE 4

Loading plot of partial least squares regression for redox parameters and leaf characteristics. (A): U; (B): R2; (C): cs.
B

C

A

FIGURE 5

Histogram of regression coefficients of leaf characteristics affecting redox parameters. (A): U; (B): R2; (C): cs. S: Specific leaf weight; L: Leaf thickness.
∗ Significant impact at p< 0.05.
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FIGURE 6

The relationships between redox parameter R1 and leaf K content during summer maize growth.
B

C D

E

A

FIGURE 7

The relationships between redox parameter R2 and leaf characteristics during summer maize growth. (A): R2-specific leaf weight; (B): R2-leaf
thickness; (C): R2-N; (D): R2-P; (E): R2-Ca.
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R2 = 0.417, p = 0.006), and between qr and P (Figure 8C, R2 = 0.328,

p = 0.023). aq increased with specific leaf weight (Figure 9), and ET
and bs increased with leaf P (Figures 10, 11). Quadratic polynomial

functions can model the relationships between aq and specific leaf

weight (Figure 9, R2 = 0.342, p = 0.023), between ET and P

(Figure 10, R2 = 0.396, p = 0.008), and between bs and P

(Figure 11, R2 = 0.299, p = 0.041). cs decreased with leaf thickness

and leaf Ca (Figures 12A, B). Linear functions can fit the

relationships between cs and leaf thickness (Figure 12A, R2 =

0.318, p = 0.006) and between cs and Ca (Figure 12B, R2 = 0.243,

p = 0.020). Partial least squares regression revealed that Ca was

negatively correlated with cs (R
2 = 0.079, p = 0.017, Figures 4C, 5C).

As shown in Figure S1, the remaining 30 of the 48 relationships are

highly scattered and are not statistically significant; these plots will

not be discussed here.
3.3 Relationships between
redox parameters

We examined all 28 relationships between any two of the eight

redox parameters (8×7/2 = 28). Eight of the 28 relationships were

statistically significant and are shown in Figure 12. aq decreased

with U, R2, bs, and cs (Figures 13A–D). Logarithmic functions can

describe the relationships between aq and U (Figure 13A, R2 =

0.260, p = 0.015) and between aq and R2 (Figure 13B, R
2 = 0.211, p =

0.031), while quadratic polynomial functions can describe the

relationships between aq and bs (Figure 13C, R2 = 0.658, p =

0.000) and between aq and cs (Figure 13D, R
2 = 0.464, p = 0.003).

bs decreased with qr but increased with cs (Figures 13E, F). A power

function can fit the relationship between bs and qr (Figure 13E, R
2 =
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0.168, p = 0.000), while a quadratic polynomial function can model

the relationship between bs and cs (Figure 13F, R2 = 0.285, p =

0.049). ET increased with R1 and a linear function fit the relationship

between them well (Figure 13G, R2 = 0.456, p = 0.000). U increased

with R2 and a logarithmic function can describe the relationship

between them (Figure 13H, R2 = 0.236, p = 0.022). As shown in

Figure S2, the remaining 20 of the 28 relationships did not reach

statistical significance.
3.4 Temporal variations of
redox parameters

Redox parameters varied significantly from seedling to

maturity. U increased significantly from the seedling to the

jointing stage and then decreased rapidly to the filling stage but

remained almost constant at the maturity stage (Figure 14A). R1
increased from the seedling to the flowering stage and then

decreased with grain maturation (Figure 14B). R2 fluctuated at

high levels until the flowering stage and then remained nearly

constant during the maturity stages (Figure 14C). qr increased

steeply at the jointing stage and then fluctuated at relatively high

levels until maturity (Figure 14D). ET fluctuated at low levels until

the flowering period and increased steeply at the filling stage but

decreased with grain maturation (Figure 14E). aq remained nearly

constant until the flowering period and then gradually increased

during the maturity stages (Figure 14F). bs was highest in seedlings,

and remained relatively constant throughout the growth period, but

decreased at the end of late maturation (Figure 14G). cs remained

nearly constant until the flowering period and then decreased in a

fluctuating way until maturity (Figure 14H).
B

C

A

FIGURE 8

The relationships between redox parameter qr and leaf characteristics during summer maize growth. (A): qr-specific leaf weight; (B): qr-N; (C): qr-P.
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3.5 Temporal variations of leaf
characteristics

Leaf physical traits and nutrient contents varied dynamically

between different growth stages (Figure 15). Specific leaf weight

increased gradually with the growth of summer maize

(Figure 15A). Leaf thickness remained relatively stable before

flowering and increased thereafter (Figure 15B). Leaf N content
Frontiers in Plant Science 10115114
increased significantly from seedling to jointing stages and then

remained almost constant throughout the growth period

(Figure 15C). Leaf P and Ca contents increased with the

growth of summer maize and decreased at the late stages of

grain maturation (Figures 15D, E). Leaf K content increased

rapidly at the jointing stage, decreased at the flowering stage, and

then remained relatively constant at the filling stage until

maturity (Figure 15F).
FIGURE 9

The relationships between redox parameter aq and specific leaf weight during summer maize growth.
FIGURE 10

The relationships between redox parameter ET and leaf P content during summer maize growth.
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4 Discussion and conclusion

Our study found that there is considerable variation in

photochemical redox parameters inferred from PAM fluorometry

measurements in maize. Part of these variations may be due to

measurement noise and a lack of data constraints on parameter

optimization (i.e., overfitting), while statistically significant

relationships between these parameters and independently measured

leaf macronutrient content and morphology, as well as their systematic

variations with developmental stage, suggest that at least part of these

variations may be due to changes in the structure of the ETC. All

parameters in the photochemical model of electron transport are

composite parameters that are influenced by multiple components of

the ETC. For example, U is the main parameter that determines the

capacity of the ETC. It is the product of the rate constant for the

oxidation of PQH2 by the RieskeFeS protein of Cyt and the abundances

of the PQ and Cyt pools. Although PQ does not contain nitrogen, Cyt
Frontiers in Plant Science 11116115
contains nitrogen in its hemes (Tikhonov, 2023). Therefore, the

positive correlation between U and leaf nitrogen probably reflects the

higher abundance of Cyt at higher leaf nitrogen contents. The positive

correlation between U and leaf nitrogen contributes to the balance

between electron transport and CO2 assimilation, which is catalyzed by

Rubisco, a dominant sink of leaf nitrogen (Evans and Clarke, 2019).

Potassium is not involved in the structure of organic macromolecules.

However, it is the most important inorganic osmotic ion in plant cells

and plays an important role in controlling stomatal conductance and in

maintaining the structural integrity of granal thylakoids, where

photosynthetic macromolecules are located (Tränkner et al, 2018),

which likely explains the positive correlation betweenU and potassium.

The resistance parameters R1 and R2 are given by R1 =
rr
rd
and

R2 =
u
rd
� NcytT

NPSII
, respectively. rd and rr are the second-order rate

constants for the forward and reverse reactions between the reduced

acceptor of PSII and PQ, respectively, while u is the second-order

rate constant for the oxidation of PQH2 by the RieskeFeS protein of
FIGURE 11

The relationships between redox parameter bs and leaf P content during summer maize growth.
BA

FIGURE 12

The relationships between redox parameter cs and leaf characteristics during summer maize growth. (A): cs- leaf thickness; (B): cs-Ca.
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Cyt. Thus, R1 is inversely related to the efficiency of PQ to take away

electrons from PSII, and R2 is inversely related to the capacity of

PSII to supply electrons relative to the capacity of Cyt to oxidize

PQH2. The smaller the values of R1 and R2, the higher the efficiency

of the ETC. Thus, the decrease of R1 with potassium and R2 with

nitrogen and phosphorus is consistent with the expected impact of

these nutrients on electron transport.

A significant fraction of PSII reaction centers may be QB-

nonreducing (Tomek et al., 2003; Schansker and Strasser, 2005;
Frontiers in Plant Science 12117116
Vredenberg et al., 2006; Vredenberg, 2011), which can result in qr
being significantly less than 1. Currently, little is known about why

such reaction centers exist at all and what their photochemical

functions may be. The significant correlation between qr and leaf

nitrogen may suggest that the fraction of QB-nonreducing centers is

affected by leaf nitrogen content.

Any factors that affect the relative abundances of PSII and Cyt can

affect the value of the parameter aq. A negative aq indicates that there is

a greater constraint on Cyt than on PSII for electron transport, whereas
B
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FIGURE 13

The relationships among redox parameters during summer maize growth. (A): aq-U; (B): aq-R2; (C): aq-bs; (D): aq-cs; (E): bs-qr; (F): bs-cs; (G): ET-R1;
(H): U-R2.
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a positive aq indicates the opposite (Gu et al., 2023a). The increase in aq
with specific leaf weight likely indicates that the relative abundance of

PSII vs. Cyt in a leaf depends on leaf-specific weight. Variations in bs
and cs may reflect systematic changes in thylakoid structure. Such

changes may include the number of grana per thylakoid, the height of a

granum, and the density of ion channels, which affect ion exchange

between the lumen and stroma and, therefore, osmotic water fluxes.

These changes can affect the degree and speed of thylakoid swelling/

shrinking and, therefore, the values of bs and cs. Variations in ET can be

caused by changes in the Gibbs free energy of activation (Gu et al.,
Frontiers in Plant Science 13118117
2023a), which in turn can be caused by changes in the reduction

potentials of redox reactions (Silverstein, 2012; Bostick et al., 2018).

Thus, the variation of ET with leaf phosphorus content may indicate

that the latter affects the reduction potentials of redox reactions along

the ETC.

Currently, it is difficult to provide an in-depth discussion of all the

relationships reported in this study. There are very few previous studies

that have investigated how the structures and redox reactions of the

ETC may be affected by nutrient contents and plant developmental

stages, and thus may provide guidance for our analysis. Nevertheless,
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FIGURE 14

The temporal variations of redox parameters during summer maize growth. (A): U; (B): R1; (C): R2; (D): qr; (E): ET; (F): aq; (G): bs; (H): cs.
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our study provides conclusive evidence that the structural properties of

the electron transport chain are not static and may vary with plant

growth conditions and developmental stages, allowing the

photophysical, photochemical, and biochemical reactions to be

balanced on seasonal time scales. Our findings also show that it may

be possible to parameterize photochemical parameters of electron

transport with leaf nutrient content and morphological properties for

large-scale modeling applications.
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Introduction: Soil phosphorus (P) deficiency limits plant growth and productivity

in grassland ecosystems and may moderate the growth-promoting effects of

“carbon dioxide (CO2) fertilization effect”.

Methods: To evaluate the interactive effects of these two factors on the growth

and physiology for annual ryegrass (Loliummultiflorum Lam.), plants were grown

in controlled growth chambers with a range of P supply (0.004, 0.012, 0.02, 0.06,

0.1 and 0.5 mM) under two levels of CO2 (400 and 800 mmol mol-1, respectively).

Results: Elevated [CO2] dramatically increased the aboveground biomass and net

photosynthetic rates of annual ryegrass by 14.5% and 25.3% under sufficient P

supply (0.5 mM), respectively, whereas decreased the belowground biomass and

net photosynthetic rates under lower P supply of P0.004, P0.02, and P0.06. Two-

way ANOVA results showed that CO2 × P (p < 0.001) significantly affected

stomatal traits, leaf photosynthesis and biomass. The stimulation of growth

and photosynthesis by elevated CO2 concentration (e[CO2]) was reduced or

highly suppressed, indicating that the sensitivity of annual ryegrass to P

deficiency was enhanced under e[CO2].

Discussion: These results indicated that P limitation may offset the positive

effects of e[CO2] on plant growth by altering stomatal traits, leaf

photochemical processes and biochemical composition in annual ryegrass.

KEYWORDS

elevated CO2 concentration, P limitation, stomatal traits, leaf photosynthesis,
biochemical
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Introduction

Global atmospheric carbon dioxide concentration ([CO2]) has

dramatically been accelerated with an average growth rate of about

1.6 mmol mol-1 from 280 mmol mol-1 to 400 mmol mol-1 in recent past

five decades (IPCC, 2013). Meanwhile, many climate models have

also predicted that the atmospheric [CO2] would go up to 800 mmol

mol-1 by the end of this century (IPCC, 2013). It has been well

demonstrated that e[CO2] stimulated plant growth (Suter et al., 2002;

Ainsworth, 2008; Wang and Taub, 2010; Yu et al., 2012b) through the

“CO2 fertilization effect” by affecting physiological and biochemical

processes (Taub andWang, 2008; Yu et al., 2012a; Arndal et al., 2014)

such as photosynthesis (Leakey et al., 2006; Leakey et al., 2009; Zhang

et al., 2010; Zheng et al., 2018) and respiration (Crous et al., 2011; Tan

et al., 2013), especially for the C3 plants (Lee et al., 2001; Ainsworth

and Rogers, 2007; Zheng et al., 2019). Nevertheless, plants in response

to e[CO2] varied with nutrient availability, and the CO2 fertilization

effect generally declined in parallel with the decreases of nutrient

availability (Menge and Field, 2007; McCarthy et al., 2010; Norby

et al., 2010; Lenka and Lal, 2012; Pandey et al., 2015; Zhang et al.,

2017). Thereby, the CO2 fertilization effect on plant growth might be

mitigated or even counteracted by the limitation of nutrient

availability due to the higher nutrient demand of plants with rising

atmospheric CO2 (Lenka and Lal, 2012; Pandey et al., 2014; Jin et al.,

2015; Ellsworth et al., 2017). For instance, Lewis et al. (2010) analyzed

the data from Populus deltoides and pointed out that increasing CO2

nearly doubled the total biomass under 0.5 mM P supply, while it

increased by only 7% under the heaviest P deficiency (0.004 mM).

Overall, elevated [CO2] and nutrient availability may have

confounding impacts on plant growth and biomass allocation, and

thus investigating the potential processes by which nutrient supply

regulate the CO2 fertilization effect on plant growth is critical to

predicting the impacts of future climate change on the net primary

productivity (NPP) of terrestrial ecosystems, particularly in the

natural ecosystems such as forests and grasslands, which are

limited by nutrient availability (Kimball et al., 2002; Sakurai et al.,

2014; Deng et al., 2017).

Phosphorus (P) is an extremely critical nutrient for sustaining

plant growth, development and reproduction (Chiera et al., 2002;

Nord and Lynch, 2009; Peñuelas et al., 2013; Jin et al., 2015; Zhan

et al., 2017). Because P plays a vital role not only in diverse

biochemical processes, such as cell and lipid metabolism (Vance

et al., 2003), but also serves as an essential source of energy for

numerous biological functions (Almeida et al.,1999; Abel et al.,

2002; Lambers et al., 2006). However, soil P deficiency is common

in terrestrial ecosystems and is also most likely to become worse

under future climate change, where rising [CO2] may increase the

required amount of P for sustaining plant growth (Elser et al., 2007;

Richardson et al., 2009). Meanwhile, soil P availability is becoming

lower as global reserves deplete (Fay et al., 2015; Jin et al., 2015). The

diminishing P availability may gradually become a major limiting

nutrient on plant growth in managed and natural ecosystems under

elevated [CO2] (Vance et al., 2003; Lewis et al., 2010; Lenka and Lal,

2012; Singh et al., 2013a). While most of previous studies

investigating the effects of nutrient supply on plant responses to

elevated [CO2] have focused primarily on nitrogen (N) limitation
Frontiers in Plant Science 02122121
for leaf photosynthesis (Hungate et al., 2003; Lewis et al., 2004;

Ainsworth and Long, 2005; Reich et al., 2006; Xu et al., 2013), P

availability in response to elevated [CO2] is likely to be particularly

important (Jin et al., 2015).

It is well demonstrated that P supply regulates the plant response

to e[CO2] and is intrinsically triggered by leaf photosynthesis

(Duchein et al., 1993; Norisada et al., 2006; Singh et al., 2013b;

Sinhg and Reddy, 2014), which is highly related to the changes in

stomatal diffusion processes as well as the biochemical and

photochemical processes under higher [CO2] (Jacob and Lawlor,

1991; Singh et al., 2013b). Previous research have established that the

responses of leaf photosynthesis to e[CO2] may be affected by low P

availability through decreasing stomatal conductance (Kirschbaum

and Tompkins, 1990; Singh et al., 2013a). Moreover, low P limitation

may also affect the biochemical and photochemical processes of leaf

photosynthesis in response to elevated [CO2] by the regeneration of

triose-phosphate utilization (TPU) during ribulose bisphosphate

(RuBP) regeneration (Rogers et al., 1993; Wissuwa et al., 2005;

Pandey et al., 2015). Meanwhile, soil P deficiency may lower the

activity of Calvin cycle enzymes, thus directly limit photosynthetic

capacity under rising [CO2] (Palma et al., 2000). Additionally, the

photosynthetic responses to elevated [CO2] can also be affected by

low soil P supply through limiting plant growth and biomass

allocation between source and sink tissues (Fredeen et al., 1989;

Pandey et al., 2015). Understanding the potential mechanisms that

low P availability affects photosynthetic responses to rising [CO2] is

critical for assessing the impacts of elevated [CO2] on the structure

and function of terrestrial ecosystems limited by low P supply under

future climate change scenarios.

Grasslands hold a significant position within terrestrial

ecosystems, as their responses to elevated [CO2] play a pivotal

role in the global carbon-water cycling (Coleman et al., 1993; Steffen

and Canadell, 2005). The plant coverage and net primary

production of grasslands are usually limited by soil P availability

under elevated [CO2] (Elser et al., 2007; Fay et al., 2015; Ceulemans

et al., 2017). Annual ryegrass (Lolium multiflorum Lam.) is one of

the most important principal forages with considerable ecological

and economic significances due to high yield and quality in

temperate grasslands and pastures (Li et al., 2007; Wang et al.,

2013; Castanheira et al., 2014). In these contexts, low soil P supply

may be a major factor limiting the CO2 fertilization effect on plant

growth and leaf photosynthesis of annual ryegrass under future

climate change (Byrne et al., 2011; Xu, 2015; Zheng et al., 2018).

Nevertheless, most of previous studies regarding the plant responses

to elevated [CO2] and P supply are primarily focused on trees

(Lewis et al., 2010; Duan et al., 2019) and crops (Wissuwa et al.,

2005). Thus, it is necessary to quantify whether P supply will affect

grass growth and photosynthesis through altering the physiological

and biochemical processes under enriched [CO2]. Consequently, it

is unclear whether grasses response to rising [CO2] vary with P

supply, even few studies have examined the responses of plant

growth and leaf photosynthesis to elevated [CO2] in grass species

with P deficiency (Edwards et al., 2006). Understanding the

underlying mechanisms and processes of low soil P availability on

plant growth and biomass allocation of annual ryegrass with

changes in stomatal traits, leaf photosynthesis and plant
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biochemistry under elevated [CO2] may have important

significance on projecting the net primary productivity (NPP) and

guiding the formulation of adaptation policies for grasslands.

The aims of this study are to: (1) examine the combined effects of e

[CO2] and soil P deficiency on the annual ryegrass growth and biomass

allocation.; (2) investigate the potential processes that low P availability

affecting photosynthetic responses to elevated [CO2] in annual

ryegrass; (3) explore the underling mechanisms that soil P deficiency

regulating CO2 fertilization effect on annual ryegrass growth with

changes in stomatal traits, leaf photosynthesis and biochemistry.
Materials and methods

Growth chamber experiments

A golf hole cutter was utilized to eliminate the effect of errors in

initial aboveground and belowground biomass (10 cm diameter ×

20 cm long). Annual ryegrass was transplanted in the experimental

farm at Hebei University of Engineering, Handan City, Hebei Province,

China. Then, the collected grasses were transplanted into pots (10 cm

diameter × 100 cm long) filled with fritted clay and moved to artificial

climate chambers (Model BDP-2000, Ningbo Prandt Instrument Co.,

Ltd, China). We trimmed grasses every 30 days to a 5-cm canopy

height during the 90 days experimental treatments to keep grass plants

in good growth condition (Yu et al., 2012b).

Eight artificial climate chambers were utilized to automatically

monitor and control CO2, four of which were set as modern CO2 (a

[CO2]; 400 mmol mol-1) and the remaining four were set as elevated

CO2 (e[CO2]; 800 mmol mol-1). The environmental settings for all

eight environmental growth chambers were at 25/20°Cday/night

temperature, 800 mmol m-2 s-1 PAR canopy light intensity, 65%

relative humidity, and a 12-h photoperiod of 7:00-19:00. To

minimize confounding effects of environmental variation between

two chambers, we changed the [CO2] of each growth chamber every

7 days, and then relocated the CO2 treated annual ryegrass plants to

the growth chambers with corresponding [CO2] during the whole

experiment. In each artificial climate chamber, six randomly

selected pots of annual ryegrass plants were watered to through-

flow twice a week with half-strength Hoagland’s solution modified

to generate six P concentration treatments of 0.004, 0.012, 0.02,

0.06, 0.1-, and 0.5-mM P as KH2PO4, respectively. To ensure that all

grasses have the same amount of potassium kalium (K) in the

nutrient solution at each watering, we add an additional moderate

amount of KCL to supplement the K in the half-strength

Hoagland’s solution. Four artificial climate chambers with a[CO2]

or e[CO2] are biological replications (n = 4).
Measuring stomatal density, morphological
traits and distribution pattern of stomata

To characterize the maximum stomatal pore size of annual

ryegrass, we selected recently expanded leaves for sampling

stomatal imprints from the middle section on the abaxial surface

using colorless nail varnish in artificial climate chambers on the
Frontiers in Plant Science 03123122
30th, 60th, and 90th days after CO2 treatment and P treatments

(Zheng et al., 2013; Xu, 2015). We observed and photographed the

collected imprints using the method of Zheng et al. (2013) and

measured the stomatal aperture length (SAL), stomatal aperture

width (SAW), stomatal aperture circumference (SAC) and stomatal

aperture area (SAA) using the Image J quantification software (NH,

Bethesda, MD). Stomata on each surface were counted and

combined for calculating stomatal density (SD) (Ceulemans et al.,

1995) and the stomatal aperture shape index (SASI) was also

calculated as
ffiffiffiffiffiffiffiffiffi
SAA

p
=SAC� 100%. The morphological traits of

stomata were visualized and photographed with a scanning

electron microscopy (FEI Corp, USA). We randomly selected four

images (a magnification of 100) from each treatment to estimate the

stomatal spatial distribution pattern. The selected images were

digitized with a GIS software (ArcGIS 10.0; ESRI Inc., Redlands,

CA). In this study, the center of each stoma was treated as a single

point. Then the point pattern analysis was conducted with the

Ripley’s K-function (Ripley, 1976). Comprehensive guidelines for

the analysis of stomatal spatial distribution pattern can be found in

Xu (2015) and Zheng et al. (2020).
Measuring leaf gas exchange

A portable LI-6400 photosynthesis system (Li-Cor Inc., Lincoln,

NE, USA) was utilized to determine the net photosynthetic rate

(Pn), stomatal conductance (Gs) and transpiration rate (Tr) on

recently expanded leaves on the 30th, 60th, 90th days after CO2

treatment and P treatments. All measurements were performed in

the standard cuvette chamber (2 cm × 3 cm) with the CO2

concentration of 400 mmol mol-1, the saturating light at 1000

mmol photons m-2 s-1, the leaf-to-air vapor pressure deficit (VPD)

of 1.5 KPa and the temperature of 20°C. The intrinsic water use

efficiency (WUE) was calculated as Pn/Tr.
Measuring plant biomass and
analyzing tissue carbon, nitrogen
and phosphorus contents

The aboveground and belowground biomass were harvested

using the physical cutting at the end of the 90-day experiment and

oven-dried the separated tissues at 80°C to a constant weight.

Finally, the data of biomass were weighed using an electronic

scale. The aboveground and belowground portions were grinded

to fine powder using a ball mill (MM2, Fa. Retsch, Haan, Germany).

The tissue phosphorus (P), carbon (C), and nitrogen (N) contents

of shoots and roots were determined using an elemental analyzer

(Vario Max CN; Elemnetar Corp., Germany). All the biochemical

analyses were repeated four times (n = 4).
Statistical analysis

Two-way analysis of variance (ANOVA) was utilized to test the

interactive effects of P concentration and [CO2] on plant biomass,
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stomatal traits, and leaf gas exchange as well as the contents of P, C,

and N among different treatments (p < 0.05). Additionally, a three-

way analysis of variance (ANOVA) was also used to estimate the

interactive effects of [CO2] × P × plant tissues on P, C, N contents (p

< 0.05). Furthermore, we used linear and non-linear regressions to

analyze the relationship between biomass and other variables (p <

0.05). All statistical analyses were conducted using the SPSS 20.0

software (Chicago, IL, USA).
Results

Effects of P supply and [CO2] on the plant
biomass of annual ryegrass

Our results showed that the total plant biomass, aboveground

biomass, belowground biomass and below/above biomass ratio of

annual ryegrass were substantially changed by P supply (all p <

0.001), while e[CO2] only remarkably affected the aboveground

biomass (p = 0.014) and belowground biomass (p = 0.024; Figure 1).

Specifically, e[CO2] marginally decreased the total plant biomass by

6.6% at P0.004 (p < 0.05), but the total plant biomass under the P

concentrations of 0.02 Mm (P0.02) and 0.06 mM (P0.06) was

obviously increased by 7.1% (p < 0.05) and 10.4% (p < 0.01)

(Figure 1A). Moreover, elevated [CO2] dramatically increased the

aboveground biomass by 14.5% (p < 0.001) under the highest P

concentration of 0.5 mM (P0.5) (Figure 1B). By contrast, rising

[CO2] decreased the belowground biomass by 13.7% (p < 0.01),

9.2% (p < 0.05), and 11.1% (p < 0.05) under the P concentrations of

0.004 mM (P0.004), 0.012 mM (P0.012), and 0.5 mM (P0.5)

(Figure 1C). Similar to the changes in belowground biomass,

elevated [CO2] also changed the allocation of plant biomass

between belowground and aboveground (below/above biomass

ratio) with decreasing the below/above biomass ratio by 11.9%,

11.4%, and 18.5% at P0.004 (p < 0.05), P0.012 (p < 0.01), and P0.5 (p <

0.05), while the below/above biomass ratio of annual ryegrass at

P0.006 was substantially enhanced by 31.5% under elevated [CO2] (p

< 0.001; Figure 1D). Moreover, our one-way ANOWA results

revealed that the total biomass (p < 0.001), aboveground biomass

(p < 0.001), belowground biomass (p < 0.001), and the ratio of

below/above biomass (p < 0.001) were significantly changed by the

P deficiency, while e[CO2] only marginally effected the

aboveground biomass (p = 0.014) and belowground biomass (p =

0.024) of annual ryegrass (Figure 1). Additionally, the remarkably

interactive effects of P and [CO2] were found on the total plant

biomass, aboveground biomass, belowground biomass, and below/

above biomass ratio of annual ryegrass (Figure 1).
Effects of P supply and [CO2] on leaf gas
exchange of annual ryegrass

Sufficient P supply (P0.5) had a strong CO2 fertilization effect on

the net photosynthetic rates of annual ryegrass, as evidenced by the

25.3% increase of net photosynthetic rates (p < 0.001) (Figure 2A). By

contrast, the net photosynthesis rates of annual ryegrass at lower P
Frontiers in Plant Science 04124123
supply of P0.004, P0.02, and P0.06 were significantly decreased by 13.6%

(p < 0.01), 19.8% (p < 0.001) and 16.9% (p < 0.001) under elevated

[CO2]. Meanwhile, elevated [CO2] substantially reduced the stomatal

conductance by 54.2% (p < 0.001), 56.0% (p < 0.001), 39.6% (p <

0.01), 47.3% (p < 0.01), and 36.7% (p < 0.05) at the P treatments of

P0.012, P0.02, P0.06, P0.1, and P0.5 except for the stomatal conductance

under the P supply of P0.004 (Figure 2B). However, elevated [CO2]

only increased the leaf transpiration rate at P0.06 by 14.1% (p < 0.01),
A

B

D

C

FIGURE 1

Effects of elevated [CO2] on plant biomass and its allocation of annual
ryegrass under P deficits. Note that the grey bars represent ambient
CO2 concentration (Ca) and the black bars represent elevated CO2

concentration (Ce). The symbols *, **, and *** indicate that the
significant differences between Ca and Ce under the same P treatment.
The part labels are mean that ANOVA p-values for P and [CO2] and
interactive effects of [CO2] and P on annual ryegrass biomass.
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and barely affected the leaf transpiration rates under other P

treatments (Figure 2C). Consequently, e[CO2] dramatically reduced

the water use efficiency of annual ryegrass by 13.1% (p < 0.05), 13.5%

(p < 0.01), and 27.1% (p < 0.001) under lower P treatments of P0.004,

P0.02 and P0.06 (Figure 2D), whereas the water use efficiency at higher

P treatments of P0.1 and P0.5 was significantly enhanced by 22.3% (p <

0.001) and 24.8% (p < 0.001; Figure 2D). Moreover, the significantly
Frontiers in Plant Science 05125124
interactive effects of P supply and e[CO2] were also found on the net

photosynthetic rates (p < 0.001), stomatal conductance (p = 0.043),

transpiration rates (p = 0.032) and water use efficiency (p < 0.001) of

annual ryegrass (Figure 2).
Effects of P supply and [CO2] on the
morphological traits of individual stoma
and the spatial distribution pattern of
stomata on annual ryegrass leaves

Elevated [CO2] substantially affected the stomatal density (SD)

of annual ryegrass regardless of P supply (Table 1). Specifically, e

[CO2] dramatically increased the SD by 72.3%, 34.8% and 25.6%

under P0.012, P0.1, and P0.5, whereas obviously decreased the SD by

17.1%, 27.1%, and 35.5%, respectively, at the P supply of P0.004,

P0.02, and P0.06 (all p < 0.05; Table 1; Figure 3). Moreover, elevated

[CO2] dramatically decreased the stomatal area (SA) by 13.7%,

12.5% and 11.5% at P0.004, P0.1, and P0.5 (all p < 0.05), which may be

due to the smaller stomatal length and width (Table 1; Figure 4),

and the minimum and maximum values of the stomatal area were

occurred at P0.012 and P0.1, respectively (Table 1; Figure 4). Our two-

way ANOVA results showed that the SD of annual ryegrass was

substantial changed by [CO2] or P supply (Table 2). Additionally,

[CO2] × P supply also significantly affected the SD, SAL, SAW,

SAA, and SAA (all p < 0.05), but barely changed the SAC (Table 2).

The spatial distribution pattern of annual ryegrass was also

changed by P supply and e[CO2] (Figure 5). In general, the spatial

pattern of stomata distributed on leaves of annual ryegrass followed

a regular pattern at small scales (<150 µm) and a random

distribution at larger scales (>200 µm) regardless of [CO2] and P

supply (Figure 5). Interestingly, the most regular pattern both at the

scale of c. 110 mm regardless of the [CO2] concentration was

observed in the current study, as evidenced by the average

minimum Lhat(d) values of -9.24 under a[CO2] and -8.00 under

e[CO2] (Figure 5). Moreover, e[CO2] produced more regular spatial

patterns of stomata at small scales when annual ryegrass was

subjected to three higher P supply of P0.06, P0.1, and P0.5, due to

the lower Lhat(d) values at the same spatial scales (Figure 5).

Meanwhile, elevated [CO2] also increased the range scale of

regular pattern of stomata (Figure 5).
Effects of P supply and [CO2] on tissue
phosphorus (P), carbon (C), and nitrogen
(N) contents of annual ryegrass

Elevated [CO2] generally reduced phosphorus contents in both

shoots and roots of annual ryegrass (Table 3). Specifically, elevated

[CO2] significantly decreased the phosphorus in shoots by 33.9%,

15.2%, 18.9% and 12.7% under P0.012, P0.06, P0.1 and P0.5 (all p <

0.05; Table 3). However, e[CO2] only obviously reduced the

phosphorus content in roots by 19.9% under P0.06 (p < 0.05;

Table 3). In addition, e[CO2] significantly decreased shoots N by

25.8% and 20.6% under P0.004 and P0.06 (both p < 0.05; Table 3), but

increased shoots N by 19.1% under P0.5 (p < 0.05; Table 3).
A
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D
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FIGURE 2

Effects of elevated [CO2] on leaf gas exchange of annual ryegrass under
P deficits. Note that the grey bars represent ambient CO2 concentration
(Ca) and the black bars represent elevated CO2 concentration (Ce). The
symbols *, **, and *** indicate that the significant differences between
Ca and Ce under the same P treatment. The part labels are mean that
ANOVA p-values for P and [CO2] and interactive effects of [CO2] and P
on leaf exchange of annual ryegrass.
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Consequently, the C/N ratio in shoot was enhanced by 29.2% and

25.0% under P0.004 (p < 0.05) and P0.06 (p < 0.05; Table 3) but

lowered by 17.9% under P0.5 (p<0.05; Table 3). Additionally, the

shoot C (p > 0.05), root C (p > 0.05), N (p > 0.05) and C/N ratio in

roots (p > 0.05) were barely changed by e[CO2] regardless of P

supply (Table 3).

The tissue P contents were substantially affected by [CO2] (p <

0.05) or P supply (p < 0.001) from the results of three-way ANOVA

(Table 4). However, we found statistical differences in the contents

of phosphorus (p < 0.001), C (p < 0.001) and N (p < 0.001) as well as

the C/N ratio (p < 0.001) between tissues (shoot and root) of annual

ryegrass (Table 4). Moreover, there were obviously interactive

effects of [CO2] × P supply on the tissue N (p < 0.001) and P

contents (p < 0.05) as well as the C/N ratio (p < 0.001; Table 4),

whereas P supply × tissue only changed the phosphorus content of

annual ryegrass (p < 0.001; Table 4). In addition, our results also

showed that [CO2] × P supply × tissue significantly changed the

contents of N, P and the C/N ratio of annual ryegrass (all p <

0.05; Table 4).
Relationships of plant biomass among
photosynthesis as well as shoot
P and N contents

The aboveground (R2 = 0.80, p = 0.017; Figure 6D) and total

biomass (R2 = 0.86, p = 0.008; Figure 6F) demonstrated a linear

increase with the elevation of leaf photosynthesis at e[CO2].

However, no linear or parabolic relationships were found between

leaf photosynthesis and aboveground biomass (R2 = 0.13, p = 0.815;

Figure 6A), as well as total biomass at a[CO2] (R
2 = 0.31, p = 0.252;

Figure 6C). Similarly, we found linear relationships of shoot

phosphorus content between aboveground (R2 = 0.73, p = 0.031;

Figure 7A) and total biomass (R2 = 0.59, p = 0.076; Figure 7C) at a

[CO2], as well as aboveground (R
2 = 0.64, p = 0.055; Figure 7D) and

total biomass (R2 = 0.89, p = 0.005; Figure 7F) at e[CO2].
Frontiers in Plant Science 06126125
Nevertheless, there is no obvious correlation between

belowground biomass and leaf photosynthesis (Figure 6), shoot

phosphorus content (Figure 7), or shoot nitrogen content (Figure 8)

regardless of CO2 concentration. Moreover, we also found parabolic

relationship of shoot nitrogen content with leaf photosynthesis,

irrespective of CO2 concentration (Figure 9).
Discussion

P deficit lowers the CO2 fertilization effect
on the growth of annual ryegrass

Previous studies have established that since the current

atmospheric [CO2] is suboptimal for the Rubisco enzyme involved

in leaf photosynthesis (Ainsworth and Rogers, 2007; Pandey et al.,

2015). As a result, the “CO2 fertilization effect” would benefit crops,

given the enriched atmospheric [CO2], leading to plant growth and

crop yield (Sakurai et al., 2014; Xu, 2015). For example, a study on

winter wheat indicated that increasing [CO2] had a maximum boost

of more than 50% on its biomass (Butterly et al., 2015). However, it

should be noted that most of these studies focused on the effects of e

[CO2] on plant growth and physiological processes were conducted

under sufficient nutrition supplies (Li et al., 2007). Therefore, this

CO2 fertilization effect is likely to be required more essential nutrients

for sustaining plant growth (Plénet et al., 2000; Lee et al., 2011; Menge

et al., 2012; Pandey et al., 2015; Zheng et al., 2017). Increasing CO2

from 400 to 800 mmol mol-1 only substantially enhanced the

aboveground biomass of annual ryegrass by 14.5% at P0.5,

indicating that e[CO2] indeed boosts the plant growth of annual

ryegrass with sufficient P supply. However, the aboveground biomass

of annual ryegrass subjected to P deficiency was barely affected by

elevated CO2 and total biomass even obviously decreased by 6.6% at

P0.004, which suggested that soil P deficiency down regulated the

favorable impacts of CO2 fertilization effect on annual ryegrass.

Moreover, we also found that the belowground biomass was
TABLE 1 Effects of elevated [CO2] on the stomatal morphology of annual ryegrass under P deficits.

Stomatal
morphology

a[CO2] e[CO2]

P0.004 P0.012 P0.02 P0.06 P0.1 P0.5 P0.004 P0.012 P0.02 P0.06 P0.1 P0.5

Stomatal density
(No. mm-2)

24.6 ±
1.5c

19.9 ±
1.7e

20.8 ±
1.4de

20.7 ±
2.3de

20.7 ±
2.3de

22.8 ±
2.4cd

20.4 ±
1.0de

34.2 ±
0.2a

15.2 ±
1.8f

13.3 ±
0.3f

19.7 ±
1.9e

28.6 ±
0.3b

Stomatal length
(mm)

42.6 ±
2.4bcd

44.8 ±
1.7bc

44.4 ±
1.7bc

42.6 ±
2.9bcd

48.4 ±
4.3a

42.6 ±
2.8bcd

41.3 ±
2.1bcd

40.0 ±
2.9d

41.2 ±
1.0bcd

45.1 ±
0.4ab

43.6 ±
1.4bcd

40.9 ±
2.6cd

Stomatal width
(mm)

4.2 ±
0.1cde

4.2 ±
0.3cde

4.2 ±
0.2cde

4.1 ±
0.3de

5.1 ±
0.4a

4.6 ±
0.1b

4.0 ±
0.2e

4.3 ±
0.1bcde

4.5 ±
0.4bc

3.9 ±
0.2e

4.5 ±
0.3bcd

4.3 ±
0.1bcde

Stomatal perimeter
(mm)

87.2 ±
6.7b

91.7 ±
2.6b

94.3 ±
6.5b

90.1 ±
4.6b

105.8 ±
8.3a

93.4 ±
6.7b

87.1 ±
4.7b

86.3 ±
5.9b

85.6 ±
2.8b

90.0 ±
4.3b

94.7 ±
3.3b

86.4 ±
5.7b

Stomatal area
(mm2)

182.3 ±
7.8b

151.3 ±
11.2de

154.2 ±
13.3d

156.5 ±
11.1d

201.1 ±
12.7a

182.3 ±
10.7b

157.3 ±
14.7d

136.7 ±
8.4e

158.1 ±
7.4d

166.6 ±
3.8bcd

175.9 ±
4.1bc

161.2 ±
9.8cd

Stomatal shape
index

0.16 ±
0.01a

0.13 ±
0.006c

0.13 ±
0.004c

0.14 ±
0.006c

0.13 ±
0.01c

0.15 ±
0.011b

0.14 ±
0.008c

0.14 ±
0.005c

0.15 ±
0.006b

0.14 ±
0.007c

0.14 ±
0.005c

0.15 ±
0.008b
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substantially increased under P deficiency, indicating that plants may

preferentially distribute more biomass to the roots for nutrient uptake

when subjected to P limitation, which is consistent with the

conclusions from previous studies that P deficiency may favor root

growth more than shoot growth, and thus result in a higher below/

above biomass ratio (Péret et al., 2011; Pandey et al., 2015).

Additionally, the pronounced interactive effect of CO2
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concentration and P supply on the aboveground, belowground and

the total biomass of annual ryegrass was evident in two-way ANOVA

results. The total biomass and aboveground biomass also increased

with the increase of P supply, suggesting that the positive CO2

fertilization effect on the growth of annual ryegrass was triggered

by P supply and the stimulation of biomass accumulation by CO2

depends on the P status.
FIGURE 3

Observation on stomatal density of annual ryegrass under light microscopy. The P supply are 0.004 (a), 0.012 (b), 0.02 (c), 0.06 (d), 0.1 (e), and 0.5 (f)
mM under ambient CO2, respectively;the P supply are 0.004 (A), 0.012 (B), 0.02 (C), 0.06 (D), 0.1 (E), and 0.5 (F) mM under elevated [CO2], respectively.
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FIGURE 4

Micrographs of stomatal morphology photographed with Scanning Electrical Microscopy (SEM). The P supply are 0.004 (a), 0.012 (b), 0.02 (c), 0.06
(d), 0.1 (e), and 0.5 (f) mM under ambient CO2, respectively;the P supply are 0.004 (A), 0.012 (B), 0.02 (C), 0.06 (D), 0.1 (E), and 0.5 (F) mM under
elevated [CO2], respectively.
TABLE 2 ANOVA p-values for the effects of P and CO2 and interactive effects of P and [CO2] on the stomatal morphology of annual ryegrass.

Stomatal
traits

Stomatal
density

Stomatal
length

Stomatal
width

Stomatal perim-
eter

Stomatal
area

Stomatal shape
index

[CO2] p<0.05 p<0.05 p=0.09 p<0.05 p<0.001 p=0.19

P supply p<0.001 p<0.05 p<0.001 p<0.05 p<0.001 p<0.05

[CO2] × P supply p<0.001 p<0.05 p<0.05 p=0.261 p<0.05 p<0.05
F
rontiers in Plant Sci
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P<0.05 were considered significant and highlighted in bold.
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The CO2 fertilization effect on leaf gas
exchange under P deficiency

It is well known that CO2 is one of the key reactants needed by

plants to engage in the biochemical process of photosynthesis, and

elevated CO2 stimulates leaf photosynthesis (Kimball et al., 2002).

However, several lines of evidence suggest that the increased

photosynthesis associated with e[CO2] may be diminished during

prolonged exposure, particularly in plants limited by nutrient
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availability (Lauer et al., 1989; Campbell and Sage, 2006; Reich

et al., 2006; Pandey et al., 2015). In this study, e[CO2] substantially

enhanced the net photosynthetic rate at P0.1 and P0.5 was observed,

whereas the net photosynthetic rate of annual ryegrass subjected to P

deficit was barely affected or even obviously decreased by elevated

CO2 concentration, indicating that the stimulating effect of e[CO2] on

the photosynthetic response of plants is weakened as the P

concentration decreased. This result may be explained by the fact

that high CO2 improves uptake efficiency in the presence of adequate
FIGURE 5

Effects of elevated [CO2] on the spatial distribution pattern of stomata under P deficits. Note: that the more regular distribution pattern of stomata
featured with a lower Lhat(d) value. The upper and lower 95% boundaries were obtained by Monte Carlo simulation of 1000 replicates.
TABLE 3 Effects of elevated [CO2] on the tissue phosphorus (P), carbon (C), and nitrogen (N) contents of annual ryegrass under P deficits.

Elements
(mg g-1)

a[CO2] e[CO2]

P0.004 P0.012 P0.02 P0.06 P0.1 P0.5 P0.004 P0.012 P0.02 P0.06 P0.1 P0.5

Shoots

P 0.21 ± 0.02d
0.26 ±
0.03c

0.24 ±
0.02c

0.32 ±
0.02b

0.32 ±
0.02b

0.35 ±
0.01a

0.25 ±
0.01c

0.17 ±
0.01e

0.26 ± 0.02c 0.27 ± 0.01c
0.26 ±
0.02c

0.31 ±
0.02b

C 40.9 ± 1.5a
39.4 ±
0.4b

39.0 ±
0.8ab

39.5 ±
1.8ab

39.4 ±
1.2b

40.0 ±
1.3b

39.4 ±
1.0ab

39.4 ±
0.4ab

39.0 ± 0.8b 39.5 ± 1.8ab
39.4 ±
1.2ab

40.0 ±
1.3ab

N 3.5 ± 0.3a
2.7 ±
0.2bc

2.7 ±
0.2bc

3.0 ±
0.4a

2.5 ±
0.4bc

2.5 ±
0.2c

2.6 ±
0.2bc

2.8 ±
0.2bc

2.8 ± 0.3bc 2.4 ± 0.3c
2.7 ±
0.2bc

3.0 ±
0.2ab

C/N 11.9 ± 0.9d
14.7 ±
1.4abc

14.7 ±
1.6abc

13.5 ±
1.7cd

15.7 ±
2.2abc

16.3 ±
0.9ab

15.4 ±
0.9abc

13.9 ±
0.9cd

14.3 ± 1.7bc 16.9 ± 1.9a
14.8 ±
1.1abc

13.4 ±
0.9cd

Roots

P 3.92 ± 0.24bc
3.91 ±
0.15bc

3.95 ±
0.25bc

4.21 ±
0.37b

4.11 ±
0.22b

4.76 ±
0.18a

3.92 ±
0.09bc

3.88 ±
0.20bc

3.63 ± 0.20cd 3.37 ± 0.34d
3.83 ±
0.18bc

5.10 ±
0.25a

C 41.2 ± 0.3a
41.6 ±
0.2a

41.4 ±
0.1a

41.2 ±
0.4a

41.6 ±
0.4a

41.4 ±
0.3a

41.4 ±
0.7a

41.2 ±
0.4a

41.4 ± 0.4a 41.7 ± 0.2a
41.4 ±
0.3a

41.6 ±
0.3a

N 1.8 ± 0.1a
1.8 ±
0.1a

1.8 ±
0.1a

1.8 ±
0.1a

1.8 ±
0.1a

1.7 ±
0.1a

1.8 ±
0.1a

1.8 ±
0.1a

1.8 ± 0.1a 1.8 ± 0.1a
1.8 ±
0.1a

1.8 ±
0.1a

C/N 23.4 ± 0.3a
22.7 ±
1.1a

23.2 ±
0.6a

22.7 ±
0.8a

22.7 ±
1.1a

23.8 ±
0.8a

22.8 ±
0.9a

23.3 ±
0.3a

23.3 ± 0.6a 22.6 ± 0.5a
23.0 ±
0.3a

22.8 ±
0.6a
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P supply (Nilsson et al., 2010; Jin et al., 2011; Pandey et al., 2015).

Moreover, Duchein et al. (1993) found in a research on clover

(Trifolium subterraneum L.) that e[CO2] obviously increased its net

photosynthetic rate under a P concentration supply of 2 mM, while it
Frontiers in Plant Science 10130129
was inhibited when subjected to P limitation, which was similar to

our study. In addition, we found that the highest P supply (0.5 mM)

further enhanced the photosynthetic rate under e[CO2], as evidenced

by the higher increase of net photosynthetic rate at P0.5 than that of
TABLE 4 ANOVA p-values for the effects of P and CO2 and interactive effects of P and [CO2] on the phosphorus, carbon, and nitrogen contents in
tissues of annual ryegrass.

Treatments Phosphorus Carbon Nitrogen C/N ratio

[CO2] p<0.05 p=0.549 p=0.488 p=0.678

P supply p<0.001 p=0.447 p=0.265 p=0.523

Tissue p<0.001 p<0.001 p<0.001 p<0.001

[CO2] × P supply p<0.05 p=0.178 p<0.001 p<0.001

[CO2] × tissue p=0.188 p=0.759 p=0.368 p=0.362

P supply × tissue p<0.001 p=0.224 p=0.143 p=0.115

[CO2] × P supply × tissue p<0.05 p=0.067 p<0.001 p<0.001
P<0.05 were considered significant and highlighted in bold.
A

B
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FIGURE 6

The relationships between net photosynthetic rates and aboveground biomass (A, D), belowground biomass (B, E), and total biomass (C, F). Values
are means ± SD (n = 4). The circle symbols represent aboveground biomass, the triangle symbols represent belowground biomass, and the square
symbols represent total biomass.
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plants treated with P0.1, indicating that plants will probably demand

ultra-optimal levels of P supply if they want to benefit from the

general trend of increasing atmospheric CO2 concentration in the

future. Moreover, the aboveground biomass of annual ryegrass was

barely affected by e[CO2] when the P supply was lower, although the

net photosynthetic rates were higher under P deficit. This suggested

that the CO2 fertilization effect is more pronounced in stimulating the

growth of annual ryegrass under sufficient P supply. Additionally, the

obvious decrease in the net photosynthetic rate at elevated CO2,

compared to ambient CO2, under the lowest P supply (0.004 mM)

likely indicates the crucial role of stomatal limitation on

photosynthesis. Furthermore, one of the most consistent responses

of plants to elevated atmospheric CO2 is a decrease in stomatal

conductance (Fleisher et al., 2012; Singh and Reddy, 2014; Zheng

et al., 2019; Zheng et al., 2020). This aligned with our results, as we

observed a remarkable decline in stomatal conductance with

increasing CO2 regardless of P supply. However, other nutrient
Frontiers in Plant Science 11131130
studies have reported that reduced stomatal conductance under

lower P supply did not seem to be the major reason for the

limitation of photosynthesis (Jin et al., 2011; Singh et al., 2013a).

From the above discussion, reduced photosynthesis may be a

mechanism by which crops cope with soil phosphorus limitation,

which may largely contribute to lower biomass.
Stomatal diffusion and tissue composition
partially explain the decreasing benefit
of e[CO2] to annual ryegrass
under P deficiency

It has been reported that plant stomata normally exhibit a variety

of short-term behavioral and long-term morphological reactions to

CO2 (Zheng et al., 2013; Xu, 2015), soil moisture (Sun et al., 2014),

thus stomatal regulation is a potential mechanism for adaptation to
A

B

D

E

FC

FIGURE 7

The relationships between leaf phosphorus content and aboveground biomass (A, D), belowground biomass (B, E), and total biomass (C, F). Values
are means ± SD (n = 4). The circle symbols represent aboveground biomass, the triangle symbols represent belowground biomass, and the square
symbols represent total biomass.
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FIGURE 9

The relationships between leaf nitrogen content and net photosynthetic rates under ambiant (A) and elevated [CO2] (B).
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FIGURE 8

The relationships between leaf nitrogen content and aboveground biomass (A, D), belowground biomass (B, E), and total biomass (C, F). Values are
means ± SD (n = 4). The circle symbols represent aboveground biomass, the triangle symbols represent belowground biomass, and the square
symbols represent total biomass.
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the external environment during plant growth. In addition to CO2

concentrations and soil moisture conditions, Sekiya and Yano (2008)

also pointed out that phosphorus supply level can modulate the rate of

stomatal production in plant epidermal cells, subsequentially

influenced the SD. Our results have further confirmed that stomatal

traits of annual ryegrass varied with the P supply and atmospheric

CO2 concentration. Our results showed that lower P supply reduced

the stomatal width and stomatal area, suggesting that annual ryegrass

improved their adaptability to different P situations through regulating

their stomatal opening. We found that the response of annual ryegrass

stomatal density under e[CO2] depended on P concentration, i.e.,

stomatal density increased at higher P concentrations and decreased at

lower P supply. This CO2-induced decrease of stomatal density under

lower P supply may explain the downregulation of leaf photosynthesis,

since the SD partially determines the efficiency of CO2 diffusion from

the atmosphere to the mesophyll tissues (Jin et al., 2011). However,

observations from previous studies regarding the influence of elevated

CO2 concentration on SD differed (Ryle and Stanley, 1992;Woodward

et al., 2002; Marchi et al., 2004). Regarding this inconsistency, Gray

et al. (2000) pointed out that interspecific differences may play a role.

However, it should be noted that, as revealed in this study, we cannot

deny the strongly interactive effects between environmental variables.

Furthermore, it has been well demonstrated that stomatal distribution

patterns can affect the net photosynthetic rate and transpiration rate

(Soares et al., 2008; Zheng et al., 2013). In the current research, we

found that e[CO2] made the spatial distribution pattern of stomata

more regular under sufficient P supply, while the opposite was true

when annual ryegrass was subjected to P deficiency. This may partially

explain why increasing CO2 in this study did not enhance or even

lowered the net photosynthetic rate under a lower P supply. This is

because the spatial distribution of the stomata on the blade surface

affects the diffusion distance of carbon dioxide between the stomata

(Zheng et al., 2013; Xu, 2015), which means that the more regular the

spatial distribution of the stomata, the more efficient the blade is in

terms of gas exchange. Overall, these results implied that P supply

partially decided the response of the stomatal distribution pattern to

e[CO2].

It is now well established from a variety of studies that P

limitation and e[CO2] are likely to alter the distribution patterns

of tissue constituents as well (Taub and Wang, 2008; Singh et al.,

2013a). However, previous studies on leaf P concentration have had

contradictory results (Fangmeier et al., 1999; Lewis et al., 2010). For

instance, Lewis et al. (2010) reported that leaf P content of Populus

deltoides was reduced by 22.2-48.6% with increasing the CO2

concentration from 350 to 700 mmol mol-1. While Fangmeier

et al. (1999) found that e[CO2] did not significantly lower the P

concentration in the leaves of wheat. These inconsistencies

suggested that the potential complexity of the effects of e[CO2] on

P nutrition. In the current study, we found that the biomass - net

photosynthetic rates relationship followed a similar linear or bell-

shaped curve like the biomass-shoot P content relationship at the e

[CO2] (Figures 6 and 7). It shows that e[CO2] did not enhance the

net photosynthetic rate at a lower P supply, possibly owing to the

decrease in leaf P content. Additionally, other studies also suggest

that the decrease in nitrogen content in leaves may also be

attributed to the decrease in photosynthesis, as the leaf N content
Frontiers in Plant Science 13133132
is tightly correlated with the content of Rubisco enzymes (Zheng

et al., 2019). Moreover, the P content in shoots dramatically

decreased under P limitation, but the differences in roots under

0.001 mM - 0.1 mM P supply were mostly insignificant, indicating

that shoots may be more sensitive to P limitation than roots.
Conclusion

We found that the growth enhancement effects of elevated CO2

were trivial under the range of P treatments, as amply demonstrated

by the reduction in leaf photosynthesis and plant biomass when

annual ryegrass was subjected to P limitation. Consequently, P

deficiency shifted biomass partitioning by decreasing aboveground

production and increasing the root fraction of total biomass. The

negative impacts of P limitation on the growth processes of plants

benefiting from the effects of CO2 fertilization can also be ascribed

to the changes in the characteristics of individual stomatal

morphology and the stomatal spatial distribution pattern, as well

as the changes in tissue composition of annual ryegrass.

Nevertheless, the increasing sensitivity of annual ryegrass growth

to P supply with increasing [CO2] indicates that annual ryegrass will

increase its requirements for P to support an aggressive growth

response to future atmospheric conditions. Therefore, the role of

annual ryegrass in grassland ecosystem responses to future climate

change may be incrementally influenced by P supply.
Data availability statement

The original contributions presented in the study are included

in the article/supplementary material. Further inquiries can be

directed to the corresponding author.
Author contributions

FL: Writing – original draft. CH: Writing – original draft. ZC:

Formal Analysis, Writing – original draft. CM: Data curation,

Writing – original draft. JY: Data curation, Formal Analysis,

Writing – review & editing. LL: Formal Analysis, Writing –

review & editing. YZ: Data curation, Writing – review & editing.

LH: Conceptualization, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This

research was partially supported by the National Natural Science

Foundation of China (32071608), the Natural Science Foundation

of Hebei Province (E2021402031 and E2023402086), the

Central Guidance on Local Science and Technology Development

Funding of Hebei Province (226Z6401G), and the Handan

Science and Technology Research and Development Program

(19422011008-47).
frontiersin.org

https://doi.org/10.3389/fpls.2023.1271262
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Li et al. 10.3389/fpls.2023.1271262
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

The reviewer LY declared a shared affiliation with the author(s)

ZC to the handling editor at the time of review.
Frontiers in Plant Science 14134133
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
Abel, S., Ticconi, C. A., and Delatorre, C. A. (2002). Phosphate sensing in higher
plants. Physiol. Plantarum. 115, 1–8. doi: 10.1034/j.1399-3054.2002.1150101.x

Ainsworth, E. A. (2008). Rice production in a changing climate: a meta-analysis of
responses to elevated carbon dioxide and elevated ozone concentration. Glob. Change
Biol. 14, 1642–1650. doi: 10.1111/j.1365-2486.2008.01594.x

Ainsworth, E. A., and Long, S. P. (2005). What have we learned from 15 years of free-
air CO2 enrichment (FACE)? A meta-analytic review of the responses of
photosynthesis, canopy properties and plant production to rising CO2. New Phytol.
165, 351–372. doi: 10.1111/J.1469-8137.2004.01224.X

Ainsworth, E. A., and Rogers, A. (2007). The response of photosynthesis and
stomatal conductance to rising (CO2): mechanisms and environmental interactions.
Plant Cell. Environ. 30, 258–270. doi: 10.1111/j.1365-3040.2007.01641.x

Almeida, J. P. F., Lüscher, A., Frehner, M., Oberson, A., and Nösberger, J. (1999).
Partitioning of P and the activity of root acid phosphatase in white clover (Trifolium
repens L.) are modified by increased atmospheric CO2 and P fertilization. Plant Soil.
210, 159–166. doi: 10.1023/A:1004625801141

Arndal, M. F., Schmidt, I. K., Kongstad, J., Beier, C., and Michelsen, A. (2014). Root
growth and N dynamics in response to multi-year experimental warming, summer
drought and elevated CO2 in a mixed heath land-grass ecosystem. Funct. Plant Biol. 41,
1–10. doi: 10.1071/FP13117

Butterly, C. R., Armstrong, R., Chen, D. L., and Tang, C. X. (2015). Carbon and
nitrogen partitioning of wheat and field pea grown with two nitrogen levels under
elevated CO2. Plant Soil. 391, 367–382. doi: 10.1007/s11104-015-2441-5

Byrne, S. L., Foito, A., Hedley, P. E., Morris, J. A., Stewart, D., and Barth, S. (2011).
Early response mechanisms of perennial ryegrass (Lolium perenne) to phosphorus
deficiency. Ann. Bot. 107, 243–254. doi: 10.1093/aob/mcq234

Campbell, C. D., and Sage, R. E. (2006). Interactions between the effects
of atmospheric CO2 content and P nutrition on photosynthesis in white lupin
(Lupinus albus L.). Plant Cell. Environ. 29, 844–853. doi: 10.1111/j.1365-
3040.2005.01464.x

Castanheira, N., Dourado, A. C., Alves, P. I., Cortés-Pallero, A. M., Delgado-
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