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Photosynthetic traits, water use and the yield =
of maize are influenced by soil water stability

Ge Li"?, Huaiyu Long"", Renlian Zhang', Aiguo Xu' and Li Niu'*"

Abstract

Background The aim of this study is to investigate the effect of soil water stability on maize (Zea mays L.) yield, water
use, and its photosynthetic physiological mechanisms, and to innovate the relationship between maize and soil water,
which currently only considers soil water content and neglects soil water stability.

Methods An organized water experiment was conducted on maize. The effects of stable soil water (SW) at two water
content levels were examined, with fluctuating soil water (FW) as a control. The assessed effects included leaf water,
chlorophyll, gas exchange, leaf water use efficiency (WUE), stable carbon isotope ratio (§'3C), and yield of maize.

Results Soil water stability had a significant effect on maize yield, yet it was slightly smaller than soil water content.
Compared with FW, SW increased the maximum net photosynthetic rate, saturated light intensity, stomatal
conductance, SPAD, leaf water content, and leaf WUE, and decreased §'3C, promoting dry matter assimilation and
conversion into grain yield, ultimately increasing yield by 100.8%. Under the same soil water stability, 55% FC versus
75% FC weakened photosynthetic capacity and exacerbated stomatal limitation of maize leaves, making them more
susceptible to light inhibition, which decreased photoassimilate accumulation, resulting in a significant decrease in
yield. And the §"3C under 75% FC conditions decreased by 4.7-7.7% compared with 55% FC.

Conclusion In conclusion, SW exhibits a positive effect on maize leaf water content, photosynthetic carbon
assimilation, and grain yields, regardless of soil water content. Compared to FW, SW increased leaf WUE and maize
yield by enhancing photosynthesis, and SW has stronger discrimination against '>C during photosynthetic CO,
assimilation, thus decreasing leaf §'*C. This study fills a gap in understanding how soil water stability influences maize
yield and gas exchange, and provides a fresh perspective on how to improve crop yield and WUE by managing soil
water stability.

Keywords Soil water stability, Photosynthetic traits, Water use efficiency, Light response curve, Stable carbon
isotopes, Maize
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Introduction
Maize (Zea mays L.) is one of the most widely cultivated
crops, and its production directly influences the develop-
ment of the food industry and global food security [1].
The overwhelming majority of food production in China
depends on irrigation water [2, 3]. Insufficient water
cannot sustain normal crop development, and excessive
water decreases agricultural yields and depletes ground-
water, introduces salts such as nitrates into groundwa-
ter, and devastates ecosystems [4, 5]. Improving soil
water-maize management strategies can conserve water
resources, safeguard food production, and mitigate eco-
logical damage; scientific water management is critical
for ensuring future water supply and food security [4, 6].
Soil water is a crucial regulator of crop growth, devel-
opment, and yield [7, 8]. As soil water information is dif-
ficult to obtain in agricultural production, it is frequently
defined indirectly by easily accessible irrigation indica-
tors, such as irrigation methods, irrigation amounts, and
irrigation frequencies [9-11]. However, there is no accu-
rate correspondence between irrigation indicators and
soil water [12-15]. In addition, previous studies on soil
water paid more attention to its spatial variability [16—
19] but ignored its change in temporal dimension, that is,
soil water stability. Although there is always some varia-
tion in soil water, it is difficult to maintain absolute stabil-
ity. For example, Wang et al. (2020) and Niu et al. (2022)
used the temporal variation of soil water to quantitatively
characterize the soil water stability, and classified the
soil water as fluctuating soil water (FW) if the temporal
variation was greater than 0.1 and stable soil water (SW)
if it was less than or equal to 0.1 [20, 21]. Li et al. (2023)
adopted the fluctuation of soil water to quantitatively
characterize the soil water stability, and the fluctuation
coefficient of 0.01-0.02 was categorized as SW, and the
fluctuation coefficient of 0.07-0.10 was called FW [22].
In addition to the quantitative properties of soil water
(soil water content, SWC) [23, 24], new studies indicate
directly or indirectly that soil water stability has a consid-
erable impact on plant growth and development [20-22,
25]. Wang et al. (2020) suggested that SW conditions
were more conducive to the growth and development of
maize plants [20]. Li et al. (2023) discovered that SW alle-
viated water stress and improved the morphogenesis of
tomato seedlings [22]. In another study on cherry radish,
Li et al. (2024) demonstrated that irrigation with a stable
moisture increased radish yield by 35-94% compared to
fluctuating moistures [25]. At present, the relationship
between maize and soil water stability is very limited,
especially in terms of yield, water use efficiency (WUE),
photosynthesis, and stable carbon isotope ratio (5'3C),
and the underlying mechanism remains unknown.
Photosynthesis is the fundamental physiological pro-
cess for producing maize material, which is susceptible
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to environmental changes [26]. Severe water stress sig-
nificantly decreased the leaf area index, relative chloro-
phyll content, and net photosynthetic rate (Pn) of maize
leaves, leading to a reduction in the growth rate and
consequently the yield [27]. Meanwhile, excessive SWC
was detrimental to maize growth by increasing oxidative
damage, reducing photosynthetic ability and chlorophyll
concentration, and destroying chloroplast structure and
root anatomy [24]. Although many studies have exam-
ined the relationships between drought stress and the
light response curve [28-31], it is currently unclear how
maize plants adapt and self-regulate in response to soil
water stability from a photosynthetic physiological per-
spective. Gas exchange is environmentally responsive and
temporally dynamic, which directly reflects the instanta-
neous state of photosynthesis [32]. Since plant syntheses
rely on photosynthetic assimilates, the stable carbon iso-
tope ratio (8'3C) of leaf dry matter is considered to be a
time-integrated measure during tissue growth [33, 34].
The variation of 8'3C can be used to explain the carbon
sequestration process in photosynthesis, which is related
to gas exchange and biomass under different water con-
ditions [34, 35]. Extensive research has been conducted
on the correlation between leaf §'®C and SWC [36-38].
However, little is known regarding the relationship
between soil water stability and the leaf §'3C of maize.

Our hypothesis argues that leaf gas exchange and the
stable carbon isotopic composition of maize may exhibit
variations in response to varying soil water conditions.
The aim of this study was to investigate the impact of soil
water stability on leaf water content, gas exchange char-
acteristics, fitting parameters of light response curves,
stable carbon isotopes, and grain yield at various stages
of maize.

Materials and methods

Experimental site

The pot experiment was conducted from June to Sep-
tember 2021 in a rainproof shelter located at the Chi-
nese Academy of Agricultural Sciences in Beijing, China
(39.6°N, 116.2°E). The study site has a typical continen-
tal climate that is characterized as warm-temperate and
semi-humid; the annual mean temperature was 10-12 °C
and there was an annual frost-free period of 180-220
d. During the test period, Fig. S1 [see Additional file 1]
depicts the daily changes in temperature, humidity, and
evaporation from a standard reference water surface. The
test soil came from 0 to 20 cm cultivated soil in Fangshan
District, Beijing, and the soil texture was loam with a:
field capacity (FC) of 35% (v/v), total nitrogen content of
0.8 g kg™!, total phosphorus content of 0.6 g kg™, total
potassium content of 12 g kg™', alkali hydrolyzed nitro-
gen of 81 mg kg~!, available phosphorus of 14.8 mg kg,
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available potassium of 125 mg kg™!, organic matter con-
tent of 13.3 g kg ™!, and pH (soil: water, 1:5) was 8.3.

Experimental device

To achieve precise control over soil water conditions,
we implemented a method known as pressure potential
difference-crop initiate drawing water device (P-CIDW),
namely negative pressure irrigation technology. This
method allows for the continuous and stable supply of
water to soil-plant systems. It has been successfully uti-
lized in various crop studies, as evidenced by works [22,
39-42]. The application of P-CIDW has facilitated a
more accurate examination of the relationship between
soil water and maize. The P-CIDW was designed by the
Chinese Academy of Agricultural Sciences (Chinese Pat-
ents. ZL201110093923.2 and ZL201310554433.7) (Fig. 1),
which consisted of a negative pressure controller, a water
supply bucket (height: 80 cm, inner radius: 13.1 cm,
capacity: 22 L), and an irrigator (porous ceramic pipe).
The irrigator was 250 mm long, with an outer diameter of
18 mm and an inner diameter of 10 mm.

Experimental design

The soil water stability factor was set to two levels of
stable soil water (abbreviated as “S”) and fluctuating soil
water (abbreviated as “F”), and the soil water content fac-
tor was set to two levels of 55% FC (low soil water, abbre-
viated as “L”) and 75% FC (high soil water, abbreviated as
“H”), for a total of 4 treatments (SL, SH, FL, and FH) with
5 replicates per treatment. A total of 20 pots, at a spacing
of 0.45%0.50 m, were set up. Based on previous experi-
mental results [20], the SL and SH treatments were estab-
lished by —9 kPa and —3 kPa of P-CIDW, respectively.
The FL and FH treatments were established by watering
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with the lower and upper limits of irrigation at 40-70%
FC and 60-90% FC, respectively. The volumetric SWC
was recorded every 30 min during the experiment using
the ENVIdata-DT soil water monitoring system (ENV-
Idata-DT, IMKO, Germany). The SL and SH treatments
were irrigated using the P-CIDW system, and the irriga-
tion amount was recorded at 17:00 daily according to the
water level pipe. The FL and FH treatments triggered irri-
gation as soon as the SWC approached or was below the
lower limit of irrigation and irrigated to the upper limit
of irrigation.

The widely-grown maize cultivar cv. Zhengdan 958
(Zea mays L.) used in this experiment was purchased
from Beijing Zhongnong Fenglian Technology Develop-
ment Co., Ltd.,, China. The pot, which had a height of
35 cm and a radius of 17 ¢cm, was used to grow maize
plants. Each pot was filled with 30.0 kg of air-dried soil,
and the soil bulk density was 1.4 g cm™. The fertilizer
amount was the same (0.25 g N, 0.13 g P,O; and 0.13 g
K,O per 1 kg of soil) for every replicate. Nitrogen fertil-
izer was applied in accordance with a base-topdressing
ratio of 4:6 (topdressing at the eleven-leaf stage), and
phosphorus and potassium fertilizers were used as base
fertilizers at one time. Before sowing, the base fertil-
izers were thoroughly mixed into the soil, and all pots
were irrigated to 100% FC. Each pot was sown with
three seeds on 1 June in 2021. After emergence, the pots
were thinned to one seedling for a follow-up study on 10
June in 2021. The seedling stage was uniformly irrigated
to maintain the SWC at 70-80% FC. The water control
experiment began on 15 June in 2021 (the three-leaf
stage) and ended on 27 September in 2021 (the harvest
stage).

Maize

TDR sensor

\X In'igatilon pipe

Fig. 1 The schematic diagram and physical photo of the pressure potential difference-crop initiate drawing water device
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Sampling and measurements

Determination of soil water stability parameters

The fluctuation coefficient (§) of soil water was deter-
mined using Eq. (1) [20]:

1 210; —0;_
3 | 1 1)

(5:
n—1 9i+9i71

where 6, is the mean SWC on the i d, 6, ; is the mean
SWC on the (i-1)™ d, and # is the number when SWC
was observed. The magnitude of § reflects the soil water
stability, with a smaller value indicating a more stable
SWC.

The coefficient of soil water temporal variability (CV)
was calculated as follows [20]:

CV = SD/# ©)

where SD is the standard deviation of SWC at differ-
ent times, and 6 is the mean SWC at various periods.
If CV<0.1, the soil water belongs to weak variability;
if 0.1<CV<l1, it belongs to medium variability; and if
CV21, it belongs to strong variability. The smaller the CV'
value, the more stable the soil water is.

Determination of leaf relative water content (LRWC) and
relative electrical conductivity (LREC)

The latest fully expanded leaf/ear-leaf of maize plants
were sampled at the ten-leaf stage (V10), milk stage (R3),
and physiological maturity stage (R6) for the determina-
tion of LRWC and LREC [43], and the calculation formu-
las were as follows:

LRWC = (WF — WD) / (WT — WD) x 100 (3)

where W is the leaf fresh weight (g), W), is the leaf dry
weight (g), and W is the leaf saturated weight (g).

LREC = EC,/EC, x 100 (4)

where EC; is the initial leaf electrical conductivity (us

cm™) and EC, is the final leaf electrical conductivity (us
-1

cm™).

Leaf SPAD measurements

The SPAD value of maize leaves was measured every 7
days after treatment using a SPAD-502 portable chloro-
phyll meter (Minolta Camera Co. Ltd., Japan). The indi-
cator leaf was the latest fully expanded leaf/ear-leaf, and
6-10 sites were selected at equal intervals throughout the
leaf to determine its mean SPAD value.
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Determination of gas exchange

At the six-leaf stage (V6), V10, silking stage (R1), R3, and
R6 stages of maize, the light response curves were mea-
sured by a portable photosynthesis system (Li-6400XT,
LI-Cor, NE, USA) on sunny and windless days. The pho-
tosynthetically active radiation (PAR) was taken at 2000,
1500, 1000, 700, 500, 300, 200, 100, 50, 20, and 0 pmol
m~2 57}, and the maximum and minimum waiting times
were 200 s and 120 s, respectively. Under each specified
PAR, Pn, stomatal conductance (Gs), and transpiration
rate (Tr) of the latest fully expanded leaf/ear-leaf were
determined. The light response curve was fitted using a
modified rectangular hyperbolic model [44], which was
depicted as follows:

1—-BPAR

Pn=a—————
. al—i—vPAR

PAR — Ry (5)

where Pn is the net photosynthetic rate (umol CO, m™
s71), a is the initial slope of the light response curve, PAR
is the photosynthetically active radiation (umol m=2 s7%),
R, is the dark respiration rate (umol m=s™'), and S and y
are coefficients.

In the meantime, the saturated light intensity (I,,) and
the maximum Pn (Pn, of maize leaves were estimated
using the formulas:

I, = YB+7/B-1 ©)

sat —
v

max)

2
M) — Ry )

Pnpax = a<
Y

At the leaf level, instantaneous water use efficiency

(WUE,,,) was calculated as follows [45]:
WUE;,s = Pn/Tr (8)
where WUE,,, is the instantaneous water use efficiency

(umol CO, mmol™! H,0), Px is the net photosynthetic
rate (umol CO, m™2 s7!), and 7r is the transpiration rate
(mmol H,0 m~2s7h).

Measurement of stable carbon isotopes

After the leaf samples were ground with a ball mill, the
stable carbon isotope ratio (§'°C) in the samples was
determined by a stable isotope ratio mass spectrometer
(Thermo Fisher Inc., USA). The 8'3C value was expressed
relative to the Pee Dee Belemnite (PDB) [46].

§3C = (R/Rppp — 1) x 1000 )
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where 63C is the ratio expressed in parts per thou-
sand (%o), R is the molar abundance ratio of the sample
(3C/'C), and Rppp is the molar abundance ratio of PDB.

Grain yield

At the R6 stage, five maize plants were harvested per
treatment, and the grain yield (14% moisture content)
was measured [47].

Statistical analysis

Microsoft Excel 2010 software (Microsoft Crop, Red-
mond, WA, USA) was used for data processing, SAS 9.0
(SAS Institute, Cary, NC, USA) was used for analysis of
variance (ANOVA) (two-way ANOVA), and Duncan’s
multiple-range test was used for multiple comparisons
(P<0.05). Origin Pro 2021 software (OriginLab Corpora-
tion, Northampton, MA, USA) was used for correlation
analysis and graph construction.

Results

Soil water parameters

The average soil water content (SWC) for the SL, SH, FL,
and FH treatments were 19.4% (55.5% FC), 25.8% (73.8%
EC), 19.1% (54.5% FC), and 25.9% (73.9% EC), respec-
tively. The fluctuation coefficients for these treatments
were 0.01, 0.01, 0.06, and 0.08, while the temporal vari-
ability coefficients were 0.05, 0.02, 0.16, and 0.12, respec-
tively. The SL and SH treatments could be classified as
stable soil water (SW) due to their minimal changes in
SWC, very minor fluctuation coefficients observed dur-
ing the treatment, and temporal variability coefficients
below 0.1 (Fig. 2). The FL and FH treatments could be
classified as fluctuating soil water (FW) due to their sig-
nificant changes in SWC, which showed a “sawtooth”
pattern. Additionally, these treatments exhibited rela-
tively substantial fluctuation coefficients and temporal
variability coefficients exceeding 0.1. The observed SWC

N
(e
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of the SL and FL treatments closely approximated the tar-
get value of 55% FC, whereas the observed SWC of the
SH and FH treatments closely approximated the target
value of 75% FC. These observed values fell within the
acceptable margin of error for the experimental design,
which was +2%.

Variation of LRWC and LREC

The LRWC and LREC were shown to be highly influ-
enced by soil water stability and water content. Addi-
tionally, it was observed that the interaction between
these factors had a considerable impact on LRWC dur-
ing the R6 stage and LREC during the R3 and R6 stages,
as depicted in Fig. 3. In comparison to FW, SW showed
enhancements in the LRWC at the V10, R3, and R6
stages, with improvements of 3.0, 5.0, and 5.9%, respec-
tively. Conversely, the LREC experienced a drop of 20.3,
18.8, and 23.7% at the same stage. Compared to the low
water (LW), the high water (HW) showed an increase
in LRWC of 3.4, 8.1, and 10.3% at the V10, R3, and R6
stages, respectively. Conversely, the LREC exhibited a
drop of 19.8, 23.8, and 27.8% at the same stages.

Dynamic changes in the leaf SPAD

The observed pattern of variation in maize leaf SPAD
remained consistent across different treatments (Fig. 4).
The soil water stability and water content exerted a
notable influence on the leaf SPAD after a week of water
treatment. However, their interaction was found to
have a meaningful effect only during the late reproduc-
tive growth stages. Overall, the ranking of SPAD could
be summarized as follows: SH>FH>SL>FL. The SL
increased leaf SPAD by 7.6% compared to the FL. Simi-
larly, the SH increased leaf SPAD by 4.6% compared
to the FH. Additionally, the SW exhibited an average
increase of 6.1% in leaf SPAD compared to the FW. The
SH increased leaf SPAD by 9.5% compared to the SL.
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Fig. 2 Changes in volumetric soil water content of different treatments. Values are the mean+SD (n=4). SL: stable soil water with 55% FC, SH: stable soil
water with 75% FC, FL: fluctuating soil water with 55% FC, and FH: fluctuating soil water with 759% FC
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Fig. 3 Dynamic changes in leaf relative water content (LRWC) and relative electrical conductivity (LREC) of maize plants. Values are the mean+SD
(n=4-5). Duncan’s multiple-range test was used to test differences among treatments at the P <0.05 level. Different lowercase letters above the columns
indicate significant differences among treatments at the same stage. SL: stable soil water with 55% FC, SH: stable soil water with 75% FC, FL: fluctuating
soil water with 55% FC, FH: fluctuating soil water with 75% FC, V10: ten-leaf stage, R3: milk stage, R6: physiological maturity stage, SWS: soil water stabil-
ity, W: soil water content, SWS*W: the interaction between soil water stability and soil water content. ¥, **, and *** indicate significance levels at P<0.05,
P<0.01,and P<0.001, respectively, and ns indicates that the difference is not significant

Similarly, the FH led to a 12.7% increase in leaf SPAD
compared to the FL. Furthermore, the HW showed an
average increase of 11.1% in leaf SPAD compared to the
LW. The effect of SW on enhancing leaf SPAD was shown
to be more significant in situations when SWC was low,
whereas the influence of increasing SWC on leaf SPAD
was seen to be more prominent under FW conditions.

Response of leaf gas exchange

The order of the Pn at every stage was as follows:
SH>FH>SL>FL, as depicted in Fig. 5. The observed
trends in the light response curves per treatment at the
R1, R3, and R6 stages were largely consistent. There was
no significant difference between the SL and FH treat-
ments. Additionally, the Pn showed a decling trend as
maize maturity progressed. Under similar SWC, maize
plants subjected to SW exhibited higher Pn compared to
those subjected to FW. This difference in Pn suggested
that the SW created a more favorable environment for

the production of photosynthetic products. Under simi-
lar soil water stability, the HW exhibited a greater pro-
pensity for enhancing the Pn of maize leaves compared
to the LW. Furthermore, the impact of maize growth
stages on the effectiveness of the SWC was shown to be
negligible.

The Gs curve of maize leaves indicated that the Gs was
higher with the SH during the V6 stage. Conversely, the
Gs was lower with the FL. However, there was no sig-
nificant difference between the SL and FH. The study
revealed that the Gs under SW conditions exhibited a
greater value compared to those under FW, given simi-
lar SWC levels. Under similar soil water stability, HW
was shown to have a more positive impact on the Gs of
maize leaves compared to the LW. At the V10 stage, there
was a minimal disparity observed among the SL, SH, FL,
and FH treatments. During the R1 stage, there was no
apparent distinction observed among the four treatments
under weak light conditions. However, when the light
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Fig. 4 Dynamic changes in maize leaf SPAD over time under different treatments. Values are the mean +SD (n=4-5). Duncan’s multiple-range test was
used to test differences among treatments at the P<0.05 level. Different lowercase letters in the same column indicate significant differences among
treatments within the same day. SL: stable soil water with 55% FC, SH: stable soil water with 75% FC, FL: fluctuating soil water with 55% FC, FH: fluctuating
soil water with 75% FC, SWS: soil water stability, W: soil water content, SWS*W: the interaction between soil water stability and soil water content. *, **, and
*** indicate significance levels at P<0.05, P<0.01, and P<0.001, respectively, and ns indicates that the difference is not significant

intensity increased, the Gs of maize leaves subjected to
the SH exhibited a quick increase, followed by the SL and
FH, while the FL showed a slower increase. During the
R3 stage, there was a collective decline in the Gs values
of the four treatments in comparison to the R1 stage. The
variation of Gs in each treatment was similar to that of
R1, but the gap between SW and FW increased. During
the R6 stage, there was a drop observed in the Gs values
as the maize plants matured.

The Tr curve of maize leaves showed that at the V6
stage, the leaf Tr of maize plants under FH treatment
was higher than that under SH treatment, while the Tr
of SL treatment was higher than that of FL treatment
under strong light. At the V10 stage, the Tr of FH treat-
ment was larger and the Tr of SL treatment was minor,
while there was no significant difference between SH
and FL treatment. At the R1 and R3 stages, the Tr under
HW treatment was greater than that under LW treat-
ment, but there was no substantial difference between
Tr under stable and fluctuating moisture conditions with
the same SWC. At the R6 stage, the ranking of Tr was
FH>SH>FL>SL (Fig. 6).

The WUE,, curve of maize leaves indicated that there
was no discernible disparity in WUE, , among the treat-
ments throughout the V6 stage. At the V10 stage, the

s

leaf WUE; ; in maize plants of SW were found to be bet-
ter than those of FW when subjected to identical SWC
constitutions. Conversely, HW exhibited lower WUE,
than LW when exposed to equibalent levels of soil water
stability. During the R1 stage, the WUE,, of plants sub-
jected to the SL treatment were found to be higher
compared to the FL treatment. However, no significant
difference in WUE,, was seen between the SH and FH
treatments under weak light conditions. Furthermore,
the WUE, , of plants exposed to the SH treatment under
strong light conditions were found to be higher than
those subjected to the FH treatment. During the R3 and
R6 stages, the application of SW resulted in an increase
in WUE, ; when compared to the use of FW. Further-
more, the impact of SW on WUE, ; of maize leaves was
particularly pronounced under LW conditions.
Maximum net photosynthetic rate, saturated light
intensity, light compensation point, and dark respiration
rate

The Pn_,,, I, and R of maize leaves were strongly influ-
enced by the soil water stability throughout all stages.
Additionally, the light compensation point (I.) during the
V6 and R1 stages, as well as the a during the R3 stage,

were also affected by the stability of soil water (Table 1).
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Fig. 5 Dynamic changes in net photosynthetic rate (Pn) and stomatal conductance (Gs) of maize leaves. Values are the mean +SD (n=3). SL: stable soil
water with 559% FC, SH: stable soil water with 75% FC, FL: fluctuating soil water with 55% FC, FH: fluctuating soil water with 75% FC, PAR: photosynthetically
active radiation, V6: six-leaf stage, V10: ten-leaf stage, R1: silking stage, R3: milk stage, and R6: physiological maturity stage
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Fig. 6 Dynamic changes in transpiration rate (Tr) and instantaneous water use efficiency (WUE;,;) of maize leaves. Values are the mean+SD (n=3). SL:
stable soil water with 55% FC, SH: stable soil water with 75% FC, FL: fluctuating soil water with 55% FC, FH: fluctuating soil water with 75% FC, PAR: photo-
synthetically active radiation, Vé: six-leaf stage, V10: ten-leaf stage, R1: silking stage, R3: milk stage, R6: physiological maturity stage
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Table 1 Effects of different treatments on the fitting parameters of light response curves of maize leaves

Stage Treatment a P,y (umol CO, m2s7") I, (kmol m™2s7") I (umol m™2s7") R4 (umol m=2s™)

V6 SL 0.053a 36.14b 1500c 48.01a 245a
SH 0.051a 44.94a 1877a 56.20a 2.82a
FL 0.04%a 27.10c 1223d 19.69b 0.96b
FH 0.053a 42.22a 1683b 49.86a 2.62a

V10 SL 0.056a 34.98¢ 1674bc 33.05a 1.80a
SH 0.056a 40.00a 1796a 35.3% 1.96a
FL 0.056a 33.26d 1584c¢ 24.32b 1.34b
FH 0.056a 37.19b 1698ab 34.23a 1.86a

R1 SL 0.04%a 3061b 1610bc 31.18b 1.48b
SH 0.042a 3832a 1924a 50.08a 2.09a
FL 0.046a 19.10c 1565¢ 17.87¢ 0.82¢
FH 0.048a 31.37b 1748b 34.48b 1.64b

R3 SL 0.070a 19.73b 1621b 21.51b 142b
SH 0.060ab 26.89% 1825a 34.87a 201a
FL 0.043b 9.44c 1192¢ 26.76b 1.03¢
FH 0.050ab 20.34b 1648ab 28.97ab 1.37bc

R6 SL 0.064a 18.85b 1549b 19.84b 1.21bc
SH 0.059a 25.53a 1949a 35.27a 1.97a
FL 0.060a 13.23¢ 1219c¢ 17.63b 0.94c
FH 0.04% 20.83b 1684ab 30.24a 143b

ANOVA (F values)

V6 SWS 0.05 35.38%* 28.40%** 11.40%* 14.07**
W 0.37 146.26*** 89.60*** 13.96** 19.99**
SWS*W 1.71 10.22* 0.88 4.58 8.13*

V10 SWS 0.01 23.67** 9.46% 4.86 1045%
W 0.00 92.26*** 14.82%* 746% 14.87**
SWS*W 0.06 1.36 0.02 2.85 4.10

R1 SWS 0.33 109.69*** 6.26% 49.80%** 17.50%*
W 0.57 128.52%** 31.54%** 75.12%% 28.97***
SWS*W 1.80 6.69% 2.19 0.31 0.68

R3 SWS 6.22% 128.43*** 23.83* 0.02 20.08**
W 0.06 147.65%** 28.27%** 10.70* 15.95%*
SWS*W 1.28 6.38* 414 5.50% 1.20

R6 SWS 118 36.55%** 1330** 2.55 20.11**
W 142 70.00%** 28.17%** 38.34*** 47.69%%*
SWS*W 0.23 0.29 0.16 0.39 2.21

Note: Duncan'’s multiple-range test was used to test differences among treatments at the P<0.05 level. Different lowercase letters in the same column indicate
significant differences among treatments at the same stage. SL: stable soil water with 55% FC, SH: stable soil water with 75% FC, FL: fluctuating soil water with
55% FC, FH: fluctuating soil water with 75% FC, SWS: soil water stability, W: soil water content, SWS*W: the interaction between soil water stability and soil water
content, a: the initial slope of the light response curve, Pn,,,: maximum net photosynthetic rate, I, saturated light intensity, I : light compensation point, Ry: dark
respiration rate, V6: six-leaf stage, V10: ten-leaf stage, R1: silking stage, R3: milk stage, and R6: physiological maturity stage. * ** and *** indicate significance levels

at P<0.05, P<0.01, and P<0.001, respectively

Throughout all stages, the SWC had a notable impact on
the Pn,,, I, I, and R, but no discernible influence was
observed on the a. The interaction between the stability
and content of soil water had a notable impact on Pn,,
and Ry during the V6 stage, Pn,,, during the R1 stage,
and Pn,,, and I during the R3 stage.

At the V6 stage, there was no significant difference in
Pn,,,, between the SH and FH treatments; however, it
did differ from the Pn_,, observed in the SL and FL treat-
ments (Table 1). At the V10 stage, there was a small dif-
ference observed in the light response curves across all

treatments. However, there was a significant difference
in Pn_,, between the different treatments. There was no
significant difference in Pn,,, between the SL and FH
treatments at the R1, R3, and R6 stages. However, this
difference was considerably different from the SH and FL
treatments.

At all stages, the ranking of I, of maize leaves was as
follows: SH>FH>SL>FL. However, it is pertinent to
note that only at the V6 stage did the four treatments
exhibit a statistically significant difference. At the V6,
V10, R1, R3, and R6 stages, the Pn,,, of SW increased
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by 19.9, 6.4, 41.2, 70.6, and 32.5%, respectively, compared
to FW. Additionally, I, of SW increased by 17.1, 5.7, 6.5,
23.3, and 21.4%, respectively, compared to FW. When
comparing the performance of LW at five different stages,
it was shown that HW increased Pn,,, by 40.1, 13.1, 44.7,
75.9, and 46.5%, respectively. Additionally, HW increased
I, by 31.4, 7.2, 15.6, 25.4, and 32.0%, respectively.

The I, and R, increased at all stages when the SWC and
soil water stability increased, with the exception of the I,
at the R3 stage. Under the similar SWC, SW raised the I,
by 0.4-78.3% and the Ry by 20.0-81.4% compared to FW.
Under similar soil water stability, the HW increased I_ by
23.9-85.1% and Ry by 23.6-93.4% compared to the LW.

Stabilize carbon isotopes and grain yield
The soil water stability and water content significantly
affected leaf §'C and grain yield of maize, while their
interaction had no significant effects on §'3C or yield
(Table 2). Under similar SWC conditions, compared to
FW, the 8'3C of SW was reduced by 5.3, 8.4, and 10.3%
at the V10, R3, and R6 stages, respectively. Under the
same soil water stability, compared with LW, the §'3C of
HW decreased by 4.7, 7.7, and 7.6% at the V10, R3, and
R6 stages, respectively. All water treatments showed clear
carbon isotope fractionation; more carbon was assimi-
lated when fractionation was stronger in the treatment
of SW or HW. The 8'C fluctuation trend was consis-
tent across all treatments across the three stages, and the
fractionation at the V6 stage was more pronounced, sug-
gesting that the carbon assimilation during this time was
stronger than in other periods.

The treatments significantly affected maize yield, fol-
lowing SH>FH>SL>FL. Compared with FL treatment,
the yield of SL treatment was increased by 163.3%;

Table 2 Effects of different treatments on leaf §'°C and grain
yield of maize

Treatment &3¢ Grain
Ten-leaf Milk stage Physiologi- yield
stage cal maturity (9
stage plant™)
SL -11.08b -10.81b -11.90b 99.49¢
SH -11.57¢ -11.56¢ -12.97¢ 194.45a
FL -10.49a -991a -10.93a 37.79d
FH -11.02b -10.73b -1161ab 140.60b
ANOVA (F values)
SWS 13.97%* 18.93%** 19.90%** 288.40***
W 11.09%* 15.88%* 11.08%* 844.88%**
SWS*W 0.01 0.04 0.54 133

Note: Duncan’s multiple-range test was used to test differences among
treatments at the P<0.05 level. Different lowercase letters in the same column
indicate significant differences among treatments at the same stage. SL: stable
soil water with 55% FC, SH: stable soil water with 75% FC, FL: fluctuating soil
water with 55% FC, FH: fluctuating soil water with 75% FC, SWS: soil water
stability, W: soil water content, SWS*W: the interaction between soil water
stability and soil water content. ¥ **, and *** indicate significance levels at
P<0.05, P<0.01, and P<0.001, respectively
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compared with FH treatment, the yield of SH treatment
was increased by 38.3%; SW improved yield by an aver-
age of 100.8% compared to FW under similar SWC con-
ditions. Compared with SL treatment, the yield of SH
treatment was increased by 95.5%; compared with FL
treatment, the yield of FH treatment was increased by
272.1%; HW, compared with LW, increased yield by an
average of 183.8% under the same soil water stability.

Discussion

Stable soil water improves the leaf WUE of maize plants by

increasing Pn rather than decreasing Tr

The soil water plays a significant role in influencing vari-
ous aspects of crop growth, yield, and water use effi-
ciency (WUE). Several reports have shown that leaf
WUE increased with the decrease of soil water content
(SWC) [48, 49], and the same phenomenon was found in
our study: lower SWC resulted in lower plant transpira-
tion, thus increasing instantaneous water use efficiency
(WUE,,,), regardless of being in a stable soil water (SW)
or fluctuating soil water (FW) condition. Our study
confirms that stable water conditions are beneficial for
improving photosynthesis in crops [50]. The gradual
decrease in soil water may leave a “memory” for plants. In
a prior study, stomatal conductance of maize leaves could
not return to the control level following rehydration [51].
Compared with a stable water state, stomate pore length
became smaller under fluctuating water conditions,
which was a change in anatomical structure, and even if
soil water fluctuated to a peak again, the developed sto-
mate pore length could not be changed [52]. These were
the reasons why stomatal conductance of maize leaves
under SW was greater than that under FW in this study.
A study in tomato plants showed that the activities of
superoxide dismutase, peroxidase, and catalase increased
continuously during the gradual drought, and their activ-
ities decreased to close to the control level after rehydra-
tion but still higher than the control level [53], resulting
in drought memory. It could be inferred that the process
of gradually decreasing soil water might affect the anti-
oxidant protection system and thus affect the damage of
cell membranes (Fig. 3) and produce memory. Research
has indicated that there was a notable decrease in the rate
of chlorophyll synthesis in leaves during rehydration [54].
It was observed in this study that the SPAD under FW
conditions was, in fact, lower than that under SW con-
ditions (Fig. 4). At 96 h after rehydration, the maximum
quantum efficiency, photosystem II operating efficiency,
and Rubisco (Ribulose-1,5-bisphosphate carboxylase)
activity showed a gradual recovery process [54], but
Rubisco activity was slower to recover [55]. As a result,
Rubisco activity might not have recovered sufficiently yet
and has dropped again. Therefore, Rubisco activity was
consistently higher in stable soil water than in fluctuating
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soil water (Fig. S3 [see Additional file 1]). Concisely, the
combination of steady and elevated stomatal conduc-
tance, SPAD value, and Rubisco activity in SW led to an
increased photosynthetic rate.

Another important finding was that SW, versus FW,
resulted in an increase in the WUE,,, of maize leaves,
and increasing Pn played a more fundamental role than
decreasing Tr in WUE, , improvement (Figs. 5 and 6).
Furthermore, the present study demonstrated that FW
exacerbated stomatal limitations due to isohydric behav-
jor in response to frequent dry and wet al.ternations
(Figs. 2 and 5), which was aligned with that of Morabito
et al. (2022), who found that isohydric behavior pro-
tected Vitis vinifera from a sudden increase in tension
in response to a fast-developing drought [56]. It is widely
acknowledged that the parameters of gas exchange in
plant leaves have the ability to promptly respond to
changes in soil water levels, and there is often a strong
relationship between these two variables [48]. Neverthe-
less, it was found that there was not a good correlation
between the Pn and Gs of maize leaves with the instanta-
neous SWC (Fig. S2 [see Additional file 1]), which might
be due to the changed leaf stomatal morphology under
FW compared with SW. Xu et al. (2024) showed that
when the median value of soil water was the same, the
stomate pore length of soil water with larger fluctuation
was smaller than that of soil water with smaller fluctua-
tion [52], indicating that Pn and Gs were not only affected
by SWC but also affected by stomatal morphological dif-
ferences. In combination with Fig. 4, it was evident that
the relationship between the response of the SPAD and
soil water stability, long-term average SWC, and their
interaction became increasingly apparent as the growth
stage progressed, rather than being influenced by instan-
taneous SWC. These findings indicated that the observed
variations in Pn, Gs, and SPAD of maize leaves were not
solely influenced by the instantaneous SWC but rather by
the specific water treatment applied. Here, we provide a
new perspective for improving leaf WUE through man-
aging soil water stability.

Stable soil water promotes maize yield via enhancing
photosynthetic capacity

The process of photosynthesis serves as the foundation
for the accumulation of dry matter, while soil water has
an important impact on plants photosynthetic activity,
growth, and yield [57]. Previous studies have demon-
strated that the application of mulching ridges and fur-
rows in maize fields resulted in a notable increase in soil
water storage. This improved the light response curve
and increased photosynthetic capacity, chlorophyll con-
tent, and crop yield [58]. Our study corroborated these
findings, showing a suitable SWC level can increase
the photosynthetic and grain yield of maize plants. The
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most interesting findings were that soil water stability
had a significant effect on maize yield; specifically, maize
plants grown under SW conditions exhibited consider-
ably higher yields compared to those grown under FW
settings, which was confirmed by a two-way ANOVA
(Table 2).

In order to further analyze the mechanism of yield
variation, we simulated the light response curves of
maize leaves subjected to various treatments using a
modified rectangular hyperbolic model. According to a
study conducted by Xing et al. (2020), an elevation in soil
water stress during the maize silking stage resulted in a
reduction in Pn,,, L, and Ry [29]. Here, it was noted
that potential photosynthetic capacity of maize leaves
was diminished during various growth stages due to low
SWC. Based on the observed increase rates of Pn,,
by HW relative to LW, it could be inferred that SWC
exerted varying influences on Pn_ . at different stages,
with the order of impact being R3>R6>R1>V6>V10,
which suggested that SWC had stage-dependent effects
on Pn_, of maize leaves and that the effect of SWC on
leaf Pn,,, during the reproductive growth stage was
greater than that during the vegetative growth stage.
This was due to the fact that maize plants had consid-
erably more leaf area during their reproductive growth
stage than during their vegetative growth stage, together
with increased transpiration [59, 60]. Eom et al. (2013)
calculated crop water requirements through potential
evapotranspiration and crop coefficient and also found
that the water requirements in the maize reproductive
growth stage were greater than those in the vegetative
growth stage [59]. Additionally, during the reproduc-
tive growth stage, the SPAD of different SWC treat-
ments varied substantially, but not during the vegetative
growth stage (Fig. 4). Lower SWC appeared to have sig-
nificantly accelerated the degradation of photosynthetic
pigments in leaves at the reproductive growth stage. As
a result, SWC had a greater effect on Pn_,, during the
reproductive growth stage than the vegetative growth
stage. Moreover, it was evident that soil water stability
exerted varying influences on Pn,,, at different growth
stages. Specifically, the impact on Pn_,, followed the
order R3>R1>R6>V6>V10. It was worth noting that
these findings have not been previously documented in
existing literature. These findings will doubtless be much
scrutinized, but there are some immediately dependable
conclusions that the application of SW, as compared to
EFW, resulted in a notable enhancement in the Pn_, and
I, (Table 1), indicating that SW increased the photosyn-
thetic capacity of maize leaves and expanded the range of
available light intensity. The potential reason for this out-
come could be attributed to the fact that SW enhanced
the Rubisco activity of maize leaves (Fig. S3 [see Addi-
tional file 1]). When the soil water returned from its
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valleys to its peaks, the recovery of Rubisco activity
under FW conditions was comparatively delayed. Previ-
ous research revealed that the activity of Rubisco was still
significantly below the control level even after one day of
rehydration and that some varieties needed eight days to
regain the control level [55]. Nevertheless, in this study,
the SWC was lower than the SW around 4 days after the
FW peaked (Fig. 2). Consequently, Rubisco activity might
not have rebounded fully and might have declined once
more. Therefore, Rubisco activity under the FW condi-
tion was consistently lower than that of SW, and Rubisco
significantly enhanced the carbon carboxylation abil-
ity of maize leaves and then improved its energy con-
version efficiency [61]. Another potential factor may be
a long-term variation in soil water levels resulting from
the FW treatment, which induced significant water stress
in maize plants [21]. Water fluctuation subsequently
impaired the leaf photosynthetic efficiency, resulting
in a decrease in the capacity for photosynthetic carbon
assimilation. Consequently, FW had an adverse impact
on the crop biomass accumulation, ultimately leading to
a substantial reduction in maize yield.

Additionally, the findings suggested that soil water
stability and water content had minimal impact on the
photosynthetic capacity of maize leaves under condi-
tions of low light intensity (Table 1), but the growth and
development of maize plants in FW were susceptible to
inhibition under conditions of high light intensity. In
agricultural production, summer maize plants commonly
thrive in an area characterized by ample light availability
[62]. The results of this study indicated that the potential
photosynthetic capacity of maize leaves was improved
by managing the SW mode, increasing the tolerance of
maize plants to strong light, avoiding photosynthesis
inhibition by intense light, and promoting maize plant
growth and development, corroborating a previous study
[50]. Furthermore, previous research has indicated a
strong correlation between the photosynthetic capacity
of plants and many anatomical characteristics of plant
leaves, including stomatal density, vein density, and
palisade tissue thickness [63, 64]. The observed varia-
tions in the photosynthetic physiology of maize leaves in
response to water treatments at different stages may be
attributed to alterations in leaf anatomical traits, and this
will be thoroughly and systematically analyzed in future
studies.

Stable soil water decreased leaf 613C by altering the maize
plants carbon assimilation

Plants discriminate against the heavier isotope, and this
discrimination happens mainly during the process of
photosynthesis fixing carbon [65]. The §'3C reflects the
preferential assimilation in C; crops of the lighter car-
bon isotope 2C over 13C [46]. However, C, crops have a
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more complex process; the Kranz anatomy determined
the carbon concentrating mechanism, which spatially
separated the initial carbon fixation from the Rubisco-
catalyzed carbon assimilation in mesophyll and bundle
sheath cells, respectively [65]. The §'3C of cotton plants
under a limited water supply was higher than in crops
grown under well-watered conditions [36]. Similarly, in
this study, higher 8'*C values were usually obtained in
the LW treatment relative to the HW treatment (Table 2),
indicating that C; and C, crops have similar responses to
SWC. Interestingly, §'C of plant material in SW showed
more negative values than that in FW, showing that the
discrimination against *C was stronger for maize plants
grown in SW during photosynthetic CO, assimilation
(Table 2). On the one hand, studies have shown that
soil water with a large fluctuation will reduce stomate
pore length, which may lead to a decrease in intercel-
lular carbon dioxide concentration [52, 66]. In the pro-
cess of gradually decreasing soil water content in FW,
the decrease in CO, conductivity in leaves resulted in
a decrease in the availability of the gaseous substrate of
Rubisco. In such adverse conditions, §'°C increased and
leaves’ usage ratio of 3CO, increased (Table 2). On the
other hand, along with the ratio of CO, assimilation rate
and Gs, §'3C is determined as an extra contributing com-
ponent by the leakage of CO, from the bundle sheath
cells back to the mesophyll [67]. The effectiveness of pho-
tosynthesis is reduced by this leakage, which is influenced
by the coordination of several photosynthetic enzymes.
In the process of decreasing soil water, Rubisco activ-
ity also gradually decreased. Research has exhibited that
there was a positive correlation between Rubisco activity
and chloroplastic CO, concentration [68], and the recov-
ery of Rubisco activity was relatively slow after soil water
reached the peaks [55], which may be reduced after insuf-
ficient recovery. Therefore, lower Rubisco activity and
higher §'3C were observed in FW treatment, and the two
were negatively correlated (Table 2, Figs. S3 and S4 [see
Additional file 1]). In addition, soil water stability signifi-
cantly affected the leaf LRWC and LREC (Fig. 3), which
were closely related to proteins, lipids, and sugars in
leaves [22, 69], and these substances carried different iso-
topic signatures. The relative composition of compounds
caused by post-photosynthetic fractionations may also
contribute to differences in leaf §'°C of maize plants
grown in SW and FW [65, 70]. Alternatively, §"*C was
negatively correlated with the leaf relative water content,
SPAD, net photosynthetic rate, maximum net photosyn-
thetic rate, saturated light intensity, light compensation
point, and dark respiration rate, and positively correlated
with the leaf relative conductivity, while the relationship
between §'3C and leaf WUE varied with the growth of
maize plants (Fig. 7). This indicated that §'°C may serve
as a comprehensive indicator of the water physiology and
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Fig. 7 Relationship between stable carbon isotope ratio (§'°C), photosynthetic parameters, and water use efficiency of maize plants. LRWC: leaf relative
water content, LREC: leaf relative electrical conductivity, SPAD: relative chlorophyll content, Pn: net photosynthetic rate, Gs: stomatal conductance, Tr:
transpiration rate, WUE,,: instantaneous water use efficiency, Pn, .. maximum net photosynthetic rate, I saturated light intensity, |: light compensation

point, Ry: dark respiration rate, V10: ten-leaf stage, R3: milk stage, and R6: physiological maturity stage. Pn, Gs, Tr, and WUE

ins Were the data when photosyn-

thetically active radiation was 1500 umol m2 s % ** and *** indicate significance levels at P<0.05, P<0.01, and P<0.001, respectively

water status of maize plants. Further research should be
undertaken to investigate the influence of soil water sta-
bility on the values of fractionation factors, including
fractionation during diffusion of CO, in the liquid phase,
carboxylation of Rubisco, and the combined fractionation
of CO, dissolution and PEPC carboxylation [34].

Conclusion

In this study, the effects of soil water stability and water
content on the leaf water content, SPAD, photosynthetic
physiology, leaf water use efficiency, §'°C, and yield of
maize at various stages were studied using a two-factor
experimental design. The main results were as follows:

(1) Both soil water stability and soil water content
were shown to have an impact on maize grain
yield; however, it was observed that soil water
content had a greater impact than soil water
stability. Furthermore, their interaction did not
have a significant effect on yield. In contrast to the
fluctuating soil water, the stable soil water resulted in
a significant increase in yield. Specifically, the stable
soil water led to a yield increase of 163.3% under 55%
FC and 38.3% under 75% FC. When comparing the
yield of stable soil water with fluctuating soil water
under similar water content, it was shown that the
average yield increase was 100.8%.

(2) Stable soil water improved the maximum net
photosynthetic rate, saturated light intensity,
stomatal conductance, leaf SPAD, leaf water
content, and leaf water use efficiency of maize plants
compared to fluctuating soil water, which promoted

the assimilation and conversion of dry matter into
grain yield and ultimately increased the maize yield,
while its effect depended on soil water content.

(3) Low soil water content of 55% FC, as opposed to high
water content of 75% FC, weakened photosynthetic
capacity and exacerbated stomatal limitation of
maize leaves, rendering them more susceptible to
light inhibition, which decreased photoassimilate
accumulation, resulting in a significant decrease in
yield.

(4) The 8"3C of maize leaves was influenced by soil
water stability and water content. The maize leaf
8'3C under stable soil water decreased by 5.3-10.3%
relative to fluctuating soil water with the same water
level, indicating that stable soil water has stronger
discrimination against "*C during photosynthetic
CO, assimilation. And the §"*C under 75% FC fell by
4.7-7.7% in comparison to that under 55% FC under
similar soil water stability.

This work applies a two-dimensional perspective to the
stability and content of soil water for understanding the
relationship between maize and soil water. It also pro-
vides new ideas on how to manage agricultural water
resources.
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