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Conservation tillage improves the yield of
summer maize by regulating soil water,
photosynthesis and inferior kernel grain filling
on the semiarid Loess Plateau, China
Zhen Wang,a Jun Sun,a Yadan Dua and Wenquan Niub,c*

Abstract

BACKGROUND: Poor inferior kernel grain filling is a challenge that limits summermaize yield. The effect andmechanism of con-
servation tillage on improving grain filling of inferior kernel in semi-arid rained areas remain uncertain and there has been little
research on tillagemanagement integrated with strawmulching to improve soil water content and photosynthesis in the Loess
Plateau region. A 2 year (2019–2020) field experiment was established to study the impact of tillage practices on soil water con-
tent and summer maize root system morphology, photosynthetic capacity, inferior kernel grain filling, and grain yield. Treat-
ments included reduced tillage (RT), no tillage (NT), and conventional tillage (CT).

RESULTS: Under RT and NT, the final 100-kernel weight and maximum and mean grain filling rates were higher than
CT. Reduced tillage and NT increased soil water content at the jointing stage, silking stage and grain filling stage in comparison
with CT. They increased root system morphology and dry matter accumulation, net photosynthetic rate, transpiration effi-
ciency, and stomatal conductance in comparison with CT, and they also decreased intercellular CO2 concentration, and they
increased chlorophyll content and above-ground dry matter accumulation in comparison with CT. Reduced tillage and NT
increased evapotranspiration of maize, and ultimately, increased grain yield by 17% and 14%, respectively, in comparison
with CT.

CONCLUSION: Conservation tillage could promote summer maize photosynthetic capacity and grain filling of inferior kernels
by regulating soil water content and root system morphology.
© 2021 Society of Chemical Industry.
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INTRODUCTION
Maize is the most widely grown food crop in China, and its yield is
directly related to the nation's food security.1 Maize yield depends
on a combination of ears, grains, and final grain weight.2 The
quantity and weight of grains is determined by the grain filling
rate and period;3 thus, grain filling is a critical process if a high
grain yield is to be achieved. Grain filling is divided into inferior
and superior kernel filling, and inferior kernel filling is important
for increased grain weight.4 Grains with slow filling, poor filling,
and low grain weight are considered to be inferior kernels5 and
are generally located at the apex of the ear.6,7 Poor inferior ker-
nel grain filling is a challenge restricting summer maize yield,
and yield losses of more than 10% can be attributed to normal
inferior kernel development failure or poor filling under dense
planting conditions. Consequently, promoting inferior kernel
establishment and filling is an important means of exploiting
maize yield potential, and has become a key focus of research.8

To date, research into inferior kernel grain filling characteristics
has mainly focused on the impact of variety,9 moisture,6,10 nitro-
gen fertilizer,11 and planting density,12 whereas little research
has focused on the impact of tillage practices.

Conservation tillage systems can improve soil physicochem-
ical properties and increase soil water content (SWC).13–15

However, in China, current research on tillage methods is more
focused on subsoiling.1,16–18 A 2 year study19 showed that the
process of subsoiling can loosen the soil, which increases the
risk of wind and water erosion of soils and losses due to soil
water evaporation. This can be detrimental to agricultural
development, especially in semi-arid regions such as China's
Loess Plateau area where soil erosion is already a serious issue.
Subsoiling can also reduce soil organic matter and result in
high greenhouse gas (GHG) emissions.18 This can have a
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negative impact on the soil and air environment. No tillage
(NT) and reduced tillage (RT) are becoming accepted as sus-
tainable agricultural management practices. The area of NT
agriculture was estimated to be 7.29 × 107 ha globally in
2016 (12.5% of the global agricultural area) and is increasing
at a rate of 4.25 × 106 ha per year.20 Reduced tillage and NT
can improve SWC, facilitating improved root systems,
increased nutrient uptake, and enhanced photosynthesis. A
3 year study21 in a semi-arid region showed that NT signifi-
cantly increased SWC at a depth of 0–90 cm, while the lowest
SWC was observed with conventional tillage (CT). Increased
SWC improves the chlorophyll content1 and photosynthesis
of leaves,22,23 which correspondingly enhances grain filling.24

Increased chlorophyll delays leaf senescence and increases
the assimilation rate.25 As effective grain filling is related to
the ability to accommodate and absorb assimilates,26 RT and
NT may improve the photosynthetic characteristics and grain
filling of the summer maize inferior kernel by regulating SWC.
China's Loess Plateau is a very important area for maize

cultivation, producing 6.11 × 107 t in 2016 (approximately
10% of China's cereal yield).27 However, the uneven distribu-
tion of rainfall and large evaporation losses (1500 mm) make
soil water an important factor that limits agricultural sustain-
ability in the region.28,29 Techniques of conservation tillage
to increase SWC are essential for sustainable intensification
of crop production.30 Conventional tillage management
(frequent plowing without straw mulching) can also contribute
to soil degradation and erosion.31 Consequently, RT and NT
may be effective for soil and water conservation in China's
semiarid Loess Plateau.
In the present study, we hypothesized that RT and NT could

increase grain yield by improving soil water content, summer
maize photosynthetic capacity and inferior kernel grain fill-
ing. The objectives of the paper are to: (i) investigate the
effects of RT and NT on SWC and root growth of summer
maize in a semi-arid region, and (ii) study summer maize pho-
tosynthetic capacity and inferior kernel filling to reveal the
effects and mechanisms of RT and NT on improving maize
yield.

MATERIALS AND METHODS
Study site
The field experiment supported by the Ministry of Education
was conducted at the Key Laboratory of Agricultural Soil and
Water Engineering in Arid and Semiarid Areas (34° 200 N,
108° 23 0 E, 521 m a.s.l. ), Northwest A & F University, Yan-
gling, Shaanxi Province, China. The site was located in the
south-central region of the Loess Plateau, in a semi-arid
and semi-humid climate zone with a mean annual precipita-
tion of approximately 632 mm, a temperature of 12.9 °C, a
frost-free period of 210 days, and 2163.8 h sunshine. The pri-
mary soil at the experiment station is medium loam with a
23–25% field water-holding capacity (0–100 cm), a pH of
8.1, organic matter content of 13.3 g kg1, available nitrogen
content of 69.0 mg kg−1, available phosphorus content of
23.3 mg kg−1, and available potassium content of
88.5 mg kg−1.
Daily temperature and rainfall (Fig. 1) were obtained from the

automatic weather station (Yang Ling National Meteorological
Observing Station).

Experimental design
The dates for this study were between June 2019 and October
2020. Three tillage systemswere evaluated: (i) conventional tillage
(CT; a plowing depth of 20 cm), (ii) no tillage (NT; soil was left
uncultivated before seeding), and (iii) reduced tillage (RT; zero till-
age in the maize seasons and a plowing depth of 20 cm in the
wheat seasons). The experimental plots were designed in ran-
domized blocks. Each plot had three replicates, and they were
5 × 10 m, extending in a north–south direction and surrounded
by protection rows, with 1.5 m spacing between plots. In the NT
and RT experiments, stubble from the previous crop harvest was
left and 4.0 t ha−1 (a depth of approximately 3–5 cm) was
chopped and spread on the soil surface prior to seedbed prepara-
tion. The experimental operation was sowing, fertilizing, returning
thewheat straw to the field, and top dressing the remaining 2/3 of
the N fertilizer. In the CT experiment, the straw from the previous
winter wheat was baled, and no stubble remained on the soil
surface.
Zheng dan 958 maize was sown by hand on June 12 2 019

and June 19 2 020. There was 60 cm spacing between rows,
and three seeds per hole. After the corn had grown three true
leaves, the seedlings were interrupted and thinned to a den-
sity of 7.5 × 104 plants hm–2. Each plot was fertilized with
nitrogen fertilizer (1/3 of 170 kg ha−132), 75 kg ha−1 K2O and
90 kg ha−1 P2O5 as a base. Then, we top dressed the remain-
ing 2/3 of nitrogen fertilizer on July 15 2 019, and July 22
2 020. Diseases and pests were controlled, and weeds were
removed manually.

Measurements and calculation
Data were measured at the jointing stage (V6), tasseling stage
(VT), trumpet stage (V12), silking stage (R1), grain-forming stage
(R2), milk-ripening stage (R3), and at maturity (R6).33

Soil bulk density and soil porosity
Aftermaize harvest in 2020, the soil bulk density (d) wasmeasured
using the ring-cutting method for 0–10, 10–20, 20–40, and
40–60 cm soil depths. d was calculated using Eqn (1).16

d= W1−W0ð Þ× 1−Wð Þ=RV ð1Þ

where d is soil bulk density (g m−3),W0 is the weight of cylinder
(g), W1 is the total weight of the cylinder and soil sample (g),
W is soil water content (%), RV is the volume of cutting
ring (cm3).
Soil porosity (Ps) was calculated with Eqn (2):34

Ps= 1−
d
ρ

� �
×100% ð2Þ

where Ps is soil porosity (%), and ρ is the density of soil solids, here
assumed to be 2.63 g cm−3.

Soil water content and evapotranspiration
The oven-drying method35 was used to measure SWC at pre-
sowing, V6, R1, R2, and R6. Soil water content was measured at
0–200 cm at the pre-sowing and harvest stages and 0–100 cm
at all other stages at 10 and 20 cm intervals. Wet soil was taken
with one soil auger (4.5 cm in diameter), one core per plot, loaded
into aluminum boxes, dried at 105 °C for 30 min and 75 °C to a
constant weight, and weighed. Evapotranspiration (ET) was
calculated with Eqn (3):36
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ET=P+ I+ΔW –SR–D ð3Þ

where ET is total evapotranspiration (mm), P is the precipitation
during the growing season (mm), I is irrigation amount (mm),
which equaled zero in this study because no irrigation was
applied, ΔW is the difference between soil water storage in the
0–200 cm profile from sowing to harvest (mm). SR is runoff
(mm), which was considered to be zero because each plot was
surrounded by ridges to prevent runoff, D is the deep drainage
into the lower 200 cm boundary (mm), which was assumed to
be negligible in this study because no heavy rain or irrigation
occurred during each maize-growing season.

Photosynthesis and crop growth
The upper fourth of leaves or ear leaves (the similar growth and
the same light direction) were used with photosynthetic instru-
ment (LI-6800, Li-Cor, Inc., Lincoln, NE, USA) at R2 in 2019 and

V6, VT, R2, and R6 in 2020. Three plants were randomly selected
in each plot, and the mean of photosynthetic parameters of three
plants was taken. Measurements at each plot were conducted
from 10:00–11:00 using an open-air path at a photosynthetic
photo-flux density of 1250 μ mol m−2·s−1, natural illumination,
and CO2 concentration of 400 μ mol mol−1. The net photosyn-
thetic rate (Pn; μ mol m−2·s−1), transpiration rate (E; mmol
m−2·s−1), intercellular CO2 concentration (Ci; μ mol mol−1), and
stomatal conductance (Gs; mol m−2·s−1) were included. Transpira-
tion efficiency was calculated with Eqn (4):

Ta=
Pn
E

ð4Þ

where Ta is the transpiration efficiency, Pn is the net photosyn-
thetic rate (μmolm−2 s−1), and E is the transpiration rate
(mmolm−2 s−1).
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Figure 1. Meteorology from sowing to harvest in 2019 and 2020 included dailymaximumandminimumair temperatures and precipitation for summermaize.
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The chlorophyll content was measured at V6 and R2 in 2019
and V6, R1, R2, R3, and R6 in 2020, with three replicates. The leaf
position for the chlorophyll content measurement was the
same as the leaf position for the photosynthesis measurement.
Leaf chlorophyll (a and b) was extracted using a 95% ethanol
solution and then subjected to spectrophotometric absor-
bance at 649, 665 and 470 nm, and calculated by Li et al.,
(2016).37

Three representative plants were selected at V6, VT, R1, R2, and
R6 in 2019 and 2020. The organs (stem, leaves, and ears) were
divided and dried for 30 min at 105 °C, dried to a constant weight
at 75 °C, and weighed.
The dry matter partitioning ratio (DPRi) was calculated by

Eqn (5):38

DPRi=
Di

DMA
×100% ð5Þ

where DPRi is the dry matter partitioning ratio (lrb %); DMA is the
total above-ground dry matter accumulation (g), and Di is the dry
weight of stems, leaves and ears (g).

Root growth
A root sample from each plant was taken from each plot using soil
monolith excavation39 at physiological maturity in 2019 and 2020.
Three plants from the inner lines of replicate plots were randomly
selected, and root samples were collected by digging a layer every
10 cm to 60 cm depth, then the samples were bagged and
returned to the laboratory. A 0.25 mm sieve and tap water were
used to remove the soil. The clean root was scanned with the root
scanner (Epson Perfection V800, California, USA). Root length
(cm), root area (cm2), and root volume (cm3) were analyzed using
the Win RHIZO software (Regents Instruments Inc., Quebec City,
Canada). The root length density (RLD; cm cm−3), root volume
density (RVD; 103 cm3 cm−3), and root area density (RSD; cm2

cm−3) were calculated as in Eqns (6)–(8):40–42

RLD=
L
VT

ð6Þ

RSD=
S
VT

ð7Þ

RVD=
V0

VT
ð8Þ

where L is the total root length (cm), S is the total root area (cm2),
V0 is the total root volume (cm3), and VT is the actual volume
(25 × 15 × 60 cm3).

Grain filling
In 2020, 18 representative plants were tagged before flowering in
each plot, beginning 6 days after silking, three plants per treat-
ment every 6 days, and 6 times in total. Kernels were peeled off
from the apex of the ear, inferior kernels that did not develop
normally were removed, and 100 kernels were counted, dried to
a constant weight at 75 °C, and weighed. The grain-filling process
is compatible with the growth equation:43

M=
A

1+Be−Ktð Þ1N
ð9Þ

The grain filling rate was calculated as the derivative of Eqn (9):

V=
KM 1− M

A

� �Nh i
N

ð10Þ

where M is the weight of the grains (g); t is the number of days
after silking (d); A is the final 100 kernel weight (mg). B, K, and
N are coefficients determined by the regression.
The secondary parameters of grain-filling characteristics were

derived according to the method described by Qing-Sen Zhu.4

The dry weight of 100 kernels at the maximum filling rate was cal-
culated as follows:

Mmax=
A

1+Nð Þ1=N
ð11Þ

Themaximum grain-filling rate was calculated using the following
formula:

Vmax=KMmax 1− Mmax=Að ÞN=N
h i

ð12Þ

The time to reach maximum filling rate was calculated as follows:

tmax= ln B=Nð Þ=K ð13Þ

The mean filling rate was calculated with the following formula:

Vmean=
AK

2 N+2ð Þ ð14Þ

Grain yield
Fresh grain from the nondestructive area of 2 m × 4 m in the mid-
dle of each replicate plot was sampled manually. At harvest,
15 ears of corn were selected randomly from each experiment
plot and the 14% grain moisture content and the weight of
1000 kernels after threshing were measured. Yield composition
included the number of ears per unit area, kernels per row, and
kernel rows.

Table 1. Soil porosity and soil bulk density of three treatments after
summer maize harvest in Oct.2020

Soil depth (cm) Treatment
Soil bulk

density (g cm−3) Soil porosity (%)

0–10 CT 1.46 ± 0.06b 44.3 ± 2.5a
NT 1.62 ± 0.05a 38.4 ± 2.3b
RT 1.47 ± 0.07b 44.2 ± 2.3a

10–20 CT 1.51 ± 0.08b 42.8 ± 2.4a
NT 1.63 ± 0.04a 38.0 ± 3.3b
RT 1.48 ± 0.07b 43.6 ± 3.6a

20–40 CT 1.58 ± 0.06b 40.0 ± 2.3a
NT 1.59 ± 0.08b 39.7 ± 2.4a
RT 1.62 ± 0.07a 38.4 ± 3.0b

40–60 CT 1.58 ± 0.09a 39.8 ± 2.2b
NT 1.58 ± 0.08a 39.8 ± 2.5b
RT 1.50 ± 0.06b 41.8 ± 2.6a

Different lowercase letters represent significant difference at 5%
probability.
NT, no tillage; RT, reduced tillage; CT, conventional tillage.
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Figure 2. Soil water content in 2019 and 2020. NT, no tillage; RT, reduced tillage; CT, conventional tillage. A, B, C, and D represent pre-sowing stage, joint-
ing stage, silking stage, grain filling stage, and physiological maturity, respectively. * and **, significant at P ≤ 0.05 and P ≤ 0.01. ns, not significant at
P ≤ 0.05. Bars indicate the standard error of means.
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Statistical analysis
The ANOVA was conducted using SPSS 23.0, and significance was
set at P ≤ 0.05. Origin 2020 software was used for graphing and
simulation. Treatment means were compared by computing least

significant differences (LSDs) to identify significant differences at
the 0.05 probability level. Pearson correlations were used to
assess the extent and significance of linear correlations between
the dependent variables evaluated in the study.
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Figure 3. Root dry weight at maturity (a) in 2019 and (b) in 2020. NT, no tillage; RT, reduced tillage; CT, conventional tillage. Different lowercase letters
represent significant differences at 5% probability. Bars indicate the standard errors.

Table 2. Root morphology included root length density (RLD), root area density (RSD), root volume density (RVD) of three treatments in
2019 and 2020

Treatment
Physiological maturity of 2019 Physiological maturity of 2020

RLD (cm cm−3) RSD (cm2 cm−3) RVD (103 cm3 cm−3) RLD (cm cm−3) RSD (cm2 cm−3) RVD (103 cm3 cm−3)

CT 0.22b 0.05b 1.12b 0.24b 0.06b 1.18b
NT 0.26ab 0.07a 1.30a 0.30a 0.07a 1.40a
RT 0.27a 0.07a 1.34a 0.29a 0.07a 1.38a
LSD (0.05, %) 1.81 0.50 9.32 9.05 0.30 12.60

Lowercase letters represent significant difference at 5% probability. LSD, least significant differences.
NT, no tillage; RT, reduced tillage; CT, conventional tillage.

Table 3. Chlorophyll a or b content of leaf at the jointing stage (V6) and grain filling stage (R2) in 2019 and during the whole growing season (the
jointing stage V6, tasseling stage VT, grain filling stage R2, milk ripening stage R3 and physiological maturity stage R6) in 2020

Chlorophyll a
or b (mg L−1) Treatment

2019 2020

V6 R2 V6 VT R2 R3 R6

a CT 7.46b 10.91c 7.50b 12.03c 11.88b 10.05b 10.54b
NT 8.32a 11.51b 8.72a 12.53a 13.35a 11.60a 11.93a
RT 8.60a 12.43a 8.23ab 12.12b 12.11b 11.54a 11.39a
LSD (0.05) 0.40 0.18 0.31 0.03 0.05 0.31 0.22
CT 1.93b 3.51a 1.60 b 3.45 a 3.57 a 2.72b 2.70b

b NT 2.36a 3.60a 2.96 a 3.45a 3.82 a 3.65a 2.87a
RT 2.47a 3.68a 2.69ab 3.46a 3.88 a 3.64 a 2.85a
LSD (0.05) 0.17 0.14 0.47 0.03 0.26 0.12 0.03

Different lowercase letters represent significant difference at 5% probability. LSD, least significant differences.
NT, no tillage; RT, reduced tillage; CT, conventional tillage.
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RESULTS
Meteorology
Similar trends in the daily maximum (Tmax ) and minimum
(Tmin) air temperature are shown in Fig. 1 for the 2019 and
2020 maize-growing seasons. During the two maize-growing
seasons, precipitation (P) was 511mm in 2019 and 507mm
in 2020.

Soil bulk density and soil water content
At 0–20 cm depth, soil bulk density was increased and soil poros-
ity was reduced in the NT experiment (Table 1) compared to CT
and RT, whereas the difference was not significant between CT
and RT with respect to soil porosity.
Conservational tillage practices (RT and NT) retained more SWC

at 0–60 cm for almost all measured growth stages (with the
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difference at 5% probability. Bars indicate the standard errors.
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exception of R1 in 2019) over both study years (Fig. 2). In 2019,
compared to CT, RT and NT increased SWC at the V6 and R6
stages. However, CT had a higher SWC than NT at R1. The SWC
of RT was significantly higher than CT and NT in most layers. In
2020, compared with CT, RT increased SWC by 22%, 11%, 14%
at the V6, R1, R2, respectively; NT increased SWC by 7%, 8%, 6%
at the V6, R1, R2, respectively. The NT and CT experiments from
V6 to R6 in 2019 showed no significant difference in soil water
content at 60–200 cm soil depth; however, in 2020, the difference
was significant at this depth, and the order was RT > NT > CT.

Root growth
Root dry weight decreased rapidly with increased soil depth, and
was affected significantly by three tillage practices in the 0–30 cm
depth in 2019 and 2020 (Fig. 3). The root dry weight was
RT > NT > CT at maturity in both study years. At maturity in
2020, NT and RT increased by 20% and 28%, respectively, in com-
parison with CT.

Tillage practices had significant effects on root morphology
(Table 2). For example, in comparison with NT and RT, RLD, RSD,
and RVD were significantly lower in CT at maturity in 2019 and
2020, while the difference was not significant between NT and
RT. Compared with CT, the RLD of RT was increased by 23% in
2019 and 18% at maturity in 2020; the RLD of NT was increased
by18% in 2019 and 20% at maturity in 2020.

Photosynthesis and crop growth
As themaize grew, the chlorophyll content tended to increase ini-
tially and then decrease (Table 3). At V6 and R2 in 2019, NT and RT
had significantly higher chlorophyll content in comparison with
CT, and the difference was not significant between NT and
RT. Averaged across the V6, VT, R2, R3, and R6 stages of summer
maize in 2020, NT produced the most leaf chlorophyll a, followed
by RT and CT. Compared with CT, Chlorophyll a in NT increased by
16% and 15% at V6 and R3, respectively; Chlorophyll a in RT
increased by 10% and 15% at V6 and R3, respectively, while the

Table 4. Above-ground dry matter allocation rate of summer maize at grain filling stage and evapotranspiration (ET) of maize in 2019 and 2020 as
affected by year and tillage system

Year Treatment ET (mm)
Dry matter partitioning ratio (%)

Stem Leaf Ear

2019 CT 344e 41.2b 20.5a 38.3c
NT 355e 38.1d 18.5b 43.4ab
RT 362d 38.3 cd 17.6bc 44.1a

2020 CT 401c 42.0a 19.9a 38.1c
NT 414bc 39.1c 18.4b 42.4b
RT 421a 38.8 cd 17.0c 44.1a

ANOVA (P-value) Year (Y) 50.2** 86.6** 35.8** 179.6**
Tillage (T) 36.14* 15.30* 2.55 2.38
Y × T 11.02* 0.36 0.42 1.28
LSD (0.05) 2.42 0.33 0.30 0.30

Note: Different lowercase letters represent significant difference at 5% probability. LSD, least significant differences. NT, no tillage; RT, reduced tillage;
CT, conventional tillage. CV, coefficient of variation. * and ** are significant at 5% and 1%, respectively.
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Figure 6. Richards fitting curves of summermaize grain filling of three treatments in 2020. The final 100-kernel weight (a), inferior kernel grain filling rate
(b) as affected by tillage practices. NT, no tillage; RT, reduced tillage; CT, conventional tillage.
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difference between NT and RT was not significant in the late grain
filling stage. Differences in chlorophyll b were significant in the
late stage of grain filling; NT and RT showed increases of 35 and
34%, respectively, in comparison with CT, and the difference
between NT and RT was not significant.
Pn, Ta, Gs, and Ciwere significantly affected by tillage practices in

both study years (Fig. 4). RT had the highest Pn and CT had the
lowest at all growth stages in 2019 and 2020. In comparison with
CT, transpiration efficiency was higher in RT and NT, and peak Ta in
NT and RT was 12% and 24% higher, compared to CT at R1,
respectively. The Gs of RT and NT increased by 55% and 35%,
respectively, compared with CT. Conversely, Ci showed the oppo-
site result; CT was higher than NT and RT at all stages.

Above-ground dry matter (DMA) was significantly impacted by
tillage practices in both study years (Fig. 5). Reduced tillage signif-
icantly increased DMA in comparison with CT in 2019 (P < 0.05),
whereas NT showed no difference. In 2020, DMA was 18% higher
in NT and 46% higher in RT in comparison with CT. During all
stages, DMA was the highest in RT, followed by NT and CT, and
the differences between NT and RT were not significant.
Table 4 shows that the evapotranspiration (ET) of RT was signif-

icantly higher than that of CT. The difference between NT and CT
was not significant in 2019. In 2020, the ET of RT and NT was sig-
nificantly higher than that of CT. The above-ground dry matter
allocation rate of summer maize at the grain filling stage was sim-
ilar in 2019 and 2020; dry matter was more in the ear than in the

Table 6. Grain yield in three treatments in 2019 and 2020 as affected by year and tillage system

Year Treatment
The number of ear
(104 ha−1)

Number of kernels
per ear

1000- kernel
weight (g)

Grain
yield (t ha−1)

2019 CT 6.43 a 466.3 d 323.7 d 9.64 c
NT 6.33 a 479.6 d 333.4 c 9.80 c
RT 6.40 a 506.3 c 349.9 b 10.51 b

2020 CT 6.48 a 515.7 c 321.2 d 9.34 d
NT 6.30 a 544.3 b 341.9 a 10.60 b
RT 6.31 a 552.3 a 346.7 a 10.90 a

ANOVA (F–
value)

Tillage practice
(T)

0.2 11.4 ** 24.6 ** 78.6 **

Year (Y) 0.4 66.2 ** 7.5 ** 34.0 **
T × Y 0.11 0.77 5.24 * 27.01 **

Different lowercase letters represent significant difference at 5% probability. NT, no tillage; RT, reduced tillage; CT, conventional tillage. CV, coefficient
of variation. * and ** are significant at 5% and 1%, respectively.

Table 7. Pearson's correlation coefficient among evapotranspiration (ET), soil water content (SWC) in the 0–60 cm soil depth, total root dry matter
accumulation (RDMA) at maturity, net photosynthetic rate (Pn), intercellular CO2 concentration (Ci), total above-ground dry matter accumulation
(DMA), 100–kernel weight at final grain filling (M), grain yield (Y) across tillage practices

ET SWC RDMA Pn DMA M Y

SWC 0.53 *
RW 0.74 * 0.70 *
Pn 0.88 ** 0.82 ** 0.78 *
DMA 0.75 ** 0.91 ** 0.86 ** 0.88 **
F 0.82 ** 0.73 * 0.70 * 0.86 ** 0.69 *
Y 0.63 ** 0.89 ** 0.74 ** 0.75 * 0.83 ** 0.90 *
Ci −0.73 ** −0.54 * −0.64 * −0.70 * −0.76 * −0.75 * −0.80 **

Correlation coefficients for * and ** are significant at 5% and 1%, respectively.

Table 5. Simulated (A), Weight at maximum grain filling rate (M max), maximum grain filling rate (Vmax), time reaching a maximum grain filling rate t
max and mean grain filling rate (V mean) in three treatments in 2020

Treatment A (mg kernel−1) R2 Mmax (mg kernel−1) Vmax (mg kernel−1 d−1) tmax (d) Vmean (mg kernel−1 d−1)

CT 240.6c 0.994 103.3b 10.15c 20.14a 6.9c
NT 252.1b 0.995 110.2a 10.99b 19.15b 7.4b
RT 262.0a 0.996 111.9a 11.60a 18.90b 7.8a
LSD (0.05) 25.60 — 12.10 0.15 0.26 0.11

Lowercase letters represent significant difference at 5% probability. LSD, least significant differences.
NT, no tillage; RT, reduced tillage; CT, conventional tillage.
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stem and leaf, and the ear dry matter partitioning ratios at grain
filling stage were consistent over the two study years, indicating
that the study results were valid and consistent.

Grain filling
Figure 6 shows that the grain filling process was impacted by till-
age practices. Growth curves of 100 kernel weight under different
treatments showed slow initial growth, which accelerated during
the middle stages and slowed again as the ear approached matu-
rity. The 100 kernel weight of NT and RTwas higher than that of CT
throughout the growing season, and the difference was most
apparent 24 days after silking, with relative increases of 12%
and 15%, respectively.
The grain-filling parameters tmax of CT were greater than those

of NT and RT (Table 5), indicating that NT and RT reached the Vmax

earlier. Both the maximum and mean grain filling rate were high-
est in RT, followed by NT and CT, and Vmax in RT and NT increased
significantly by 10% and 7%, respectively, compared to CT. When
grain filling was at an end, the 100 kernel weight of RT and NT
increased significantly, by 11% and 5%, respectively, in compari-
son with CT.

Grain yield
Grain yield and yield composition were significantly affected by
the three tillage practices in both study years (Table 6). In 2019,
RT had a significantly increased yield by 9% in comparison with
CT, whereas the differences between NT and CT were not signifi-
cant. In 2020, both RT and NT had significantly higher kernels, and
thousand grain weight, and yield increased by 17% and 14%,
respectively, in comparison with CT. There was a significant posi-
tive correlation between ET, grain yield, and SWC in the 0–60 cm
depth (Table 7).

DISCUSSION
Soil water content is an important indicator of the summer maize
inferior kernel filling rate.1 In the study, SWC was significantly
higher, in comparison with CT, in NT and RT, indicating that RT
and NT can increase the SWC. This is consistent with the results
of Helgason et al., (2009),44 Sainju et al., (2012)45 and Unger
et al., (1997)46 in different areas. Straw/stubble mulching has been
shown to be an effective agricultural practice that can be used to
conserve water by suppressing soil evaporation, especially during
the early crop growth stage when the crop canopy is small.47,48

Limiting the amount of tillage also disturbs the soil less, leading
to a relatively dense surface layer that inhibits soil-water
evaporation,47 resulting in higher SWC in NT and RT. Without
mulching, higher soil porosity and more disturbance increased
soil water evaporation loss;16 the SWC under conventional tillage
was therefore lower.
Roots are an integral plant organ responsible for the acquisition

of water and nutrients. The amount of water taken up by roots
depends on soil water supply, root morphology, and root physio-
logical features.8 No tillage and RT significantly improved root
morphology, increased RLD, RSD, and RVD, and increased root
dry weight at depths of 0–30 cm. This was consistent with Du
et al. (2021).49 This is because NT and RT increased soil water avail-
ability by increasing the soil water content. On the other hand,
straw mulch on the soil surface formed a physical barrier that
could block the solar radiation and prevent exchange between
the soil and atmosphere, which would decrease the soil tempera-
ture when the air temperature was higher and increase the soil

temperature when the air temperature was lower.50 Crop straw
return and limiting the amount of tillage (disturbs the soil
less) had positive effects on soil microbial biomass by
enhancing SOC and nutrient availability.51 These facilitated
the provision of more nutrients to the root system, promoted
root growth, and ultimately increased root dry matter
accumulation.
Higher soil water uptake by roots contributes to water transfer

to the leaves, which in turn maintains effective photosynthesis.52

In this study, NT and RT significantly increased the net photosyn-
thetic rate of summer maize leaves. Furthermore, soil water
uptake by the root system helped the leaf stomata to open and
absorbmore CO2.

53 Compared with CT, the stomatal conductance
of leaves in both the NT and RT experiments was significantly
higher, and the intercellular CO2 concentration was significantly
lower. This indicates that NT and RT had enhanced leaf stomatal
conductance by improving root water transfer to the leaves,
which improved CO2 utilization and increased the net photosyn-
thetic rate.53 Higher transpiration efficiency reflected the higher
light energy radiation efficiency54 in the NT and RT experiments,
which was favorable for improving photosynthetic capacity. The
transpiration rate of CT was higher than both NT and RT; however,
the transpiration efficiency was the lowest. This was associated
with the lower SWC and net photosynthetic rate. Furthermore,
the NT and RT experiments displayed significantly increased chlo-
rophyll content compared with CT, which was mainly due to the
increased uptake and conversion of light energy and organic mat-
ter under NT and RT.55 The higher photosynthesis resulted from
the increased SWC and the improved root growth (Table 7). The
improvement in photosynthesis was attributed to the increased
SWC,1 which agrees with our study. Moreover, the chlorophyll
content of NT and RT remained higher than that of CT at maturity,
indicating that NT and RT delayed leaf senescence and prolonged
photosynthesis,56 contributing to above-ground dry matter
accumulation.
Kernel weight depends on DMA and the kernel distribution

ratio.38 Above-ground dry matter accumulation was significantly
increased in the NT and RT experiments in comparison with CT,
indicating that stronger photosynthesis provided more assimi-
lates for grain filling. The dry matter partitioning ratio in the ear
was higher in comparison with that in the stem and leaf at the
grain filling stage in both 2 years. This indicates that the distribu-
tion of plant dry matter to the stem and leaves was reduced but
ear was increased under NT and RT at the grain-filling stage, which
contributed to grain filling.38 The ear dry matter partitioning ratio
was in highest under RT, followed by NT and CT, indicating that
the ear dry matter partitioning ratio was closely related to grain
filling. The ear dry matter partitioning ratio in 2019 was similar
to that in 2020 (Table 4). This indicates that grain filling was similar
in both years of the study.
Grain filling is a significant physiological process for starch syn-

thesis and accumulation,57 where photosynthetic assimilates are
transported from stems, sheaths, and leaves to the grains in the
sucrose forming, which then undergoes a series of enzymatic
reactions to form starch.58–60 An adequate availability of assimi-
lates is therefore a major driving factor for high inferior kernel fill-
ing rates.61 No tillage and RT had significantly increased inferior
kernel filling rates 20 days after silking in 2020. In terms of grain
filling characteristics, NT and RT significantly increased the A,
M max, Vmax and Vmean of the inferior kernel, while t max was less
than CT. This was because under NT and RT, the Vmax was reached
earlier, and an adequate supply of assimilates increased the Vmax
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and Vmean, which in turn increased the A. Vmax and Vmean were sig-
nificantly positively correlated with grain quality,27 and our study
shows that the higher Vmax and Vmean observed in the NT and RT
experiments were also accompanied by an increase in grain yield.
Yield depends on the number of ears, the number of grains, and

grain weight.62 In comparison with CT, the number of ears was
small under NT and RT; however, the 1000 kernel weight and yield
were significantly higher. This indicates that the higher inferior
kernel grain filling rate increased the overall grain weight, and
ultimately increased the weight of 1000 kernel and summermaize
yield. Additionally, yield can indirectly reflect inferior kernel grain
filling of two study years (Table 7).

CONCLUSIONS
Reduced tillage and no tillage increased the soil water content,
which in turn had a positive effect on summer maize root growth,
leaf chlorophyll, and photosynthesis, leading to increased bio-
mass. Increased assimilates promoted inferior kernel grain filling
and resulted in a higher grain yield compared with conventional
tillage practices. Considering the higher benefits of increased
yield and enhanced soil water storage, reduced tillage would be
an optimal tillage strategy for sustainable agriculture on the
semi-arid Loess Plateau.
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