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Water shortages and rainfall variability lead to a decrease in grain yield. Straw mulching
(SM), subsoiling (S), and combined amendments (subsoiling + straw mulching, SS) are
potential solutions for maintaining crop productivity and water resource sustainability.
However, short- and long-term applications of these methods appear to result in different
yield and water use efficiency outcomes. In this study, we, therefore, compared short- and
long-term applications of SM, S, and SS, with a control. We analyzed field experimental
data of wheat and maize cultivation with control (conventional tillage), SM, S, and
SS treatments to assess the impact on yield and water use efficiency, resulting from
short- and long-term applications of these practices. The results show that SS treatment
led to higher soil water storage (SWS) compared with other treatments during the
regreening, jointing, and booting stages of wheat, and the big bellmouth and filling stages
of maize in the short- and long-term experiments. However, long-term SS treatment also
led to higher SWS in the growth stage of wheat in 2015-2016 and in the growth stage of
maize in 2015. Additionally, SS treatment was conducive to raising the net photosynthetic
rate (Pn) and leaf water use efficiency (LWUE) of wheat compared with other treatments
in 2015 and 2016. Conversely, Pn and LWUE of maize under S and SS treatments were
higher (P < 0.05) compared with other treatments in the two studied years. Short-term
treatment led to higher wheat yield compared with long term in 2014-2015 (ample rainfall)
and of maize in 2016 (low rainfall). The yield of wheat under long-term S treatment in
2015 was 9625.-kg hm~2, which was the highest (P < 0.05) in 2 years, with a 17.7%
increase compared with the control, followed by short-term S treatment. However, the
water use efficiency (WUE) of wheat under long-term SS treatment in 2016 was the
highest (P < 0.05) compared with other treatments. The yield of maize under SM and S
treatments was higher than other treatments, whereas the WUE of maize under long-term
SS treatment in 2016 was still the highest (P < 0.05). Our findings provide evidence that
S and SS treatments improve both crop productivity and water resource sustainability,
and long-term application resulted in higher productivity than short-term application.
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INTRODUCTION

Henan province is one of the most vital cereal production
regions in China. Winter wheat yield in Henan province accounts
for a quarter of the wheat harvest, 37.5 billion kg, in China.
Climate change, changing rainfall patterns, and improper tillage
can greatly impact food security in the region and in China
through increasing crop losses and yield variability (Hawkins
et al,, 2013; FAO, 2016). As an important dry farming crop
production area, soil degradation, water shortage, and seasonal
drought are considered to be the most critical limiting factors in
crop production in the western Henan province.

Adopting proper tillage and soil moisture conservation
measures can improve soil structure and soil moisture
conditions, and alleviate the damage to crops caused by rainfall
shortages and uneven distribution of rainfall. Straw mulching
and other agricultural residues returned to fields can reduce
evaporative moisture losses in the soil surface and enhance
soil water storage and soil moisture conservation (Zhang et al.,
2005), regulate the soil temperature, and stimulate soil biological
activity (Li et al, 2018). Zhao et al. (2009) showed that the
soil moisture content under straw mulching was 17.7-75.9%
higher than that under the non-mulching treatment, and that
the yield of wheat increased by 3.2-8% compared with that of
the non-mulching treatment. Furthermore, Zaongo et al. (1997)
and Eberbach et al. (2011) reported a decrease in evaporation
under mulch coverage. Ramakrishna et al. (2006) also found
that mulched soil profiles were associated with higher soil water
contents. In addition, subsoiling can increase soil moisture
retention, increase soil organic matter, disaggregate compacted
layers underneath the plow layer (Wang and Shangguan, 2015),
improve soil structure (Lei et al., 2008), increase infiltration
(Hou et al., 2012), enhance soil microbiological activity and root
growth, reduce crop damage caused by drought stress (Zhou and
Zhang, 2010), and promote soil fertility, which are all beneficial
to crop growth (Acharya and Sharma, 1994; Mohanty et al.,
2007).

Despite the possible positive effects of proper tillage and soil
water conservation measures, not all evidence points in the same
direction; mainly because the duration of the measures and the
locations are different between different studies. Zhang et al.
(2009) found that annual subsoiling did not markedly enhance
soil water content, crop yield, or WUE, which indicates that
variations in the duration of applying subsoiling could lead to
different effects on crops. Yang et al. (2014a) adopted different
short-term tillage and soil moisture conservation measures to
study the characteristics of annual total water use of wheat and
maize, and found that crop yield and soil moisture were increased
the most through subsoiling compared to straw mulching. Many
short-term studies have found that using a kind of conservation
tillage can enhance soil properties and root growth, improve soil
infiltration capability (Hou et al., 2012), increase plant-available
water (Mohanty et al., 2007), and boost yield in arid land areas
(He et al., 2007; Qin et al., 2008). He et al. (2007) suggested that
conservation tillage in northern China coupled with subsoiling
could significantly improve the grain yield and the WUE of
winter wheat over a long term. Ma et al. (2015) indicated that

subsoiling at every 3 years improved the soil moisture content in
deep soil layers before sowing more effectively than every 6 years.

However, long-term single conservation tillage may not
always be able to satisfy the key needs of farmers. During most
years, conventional tillage and no-conservation tillage have been
found to produce higher crop yield than subsoiling. Furthermore,
Schneider et al. (2017) found that subsoiling produced different
results for soils of different textures based on 1,530 vyield
comparisons. For example, soils with more than 70% silt (labile
soil structure) showed an increased risk of negative effects due to
subsoiling tillage effects.

Some studies reported that short-term subsoiling can
improve surface-layer soil structure and increase crop yield
(Schneider et al., 2017; Kuang et al., 2020). In another short-
term experiment, Yang et al. (2017) showed that the total
water production efficiency of subsoiling combined with straw
mulching was higher than that of either subsoiling or straw
mulching only. This could be because short-term measures
induce a targeted change on a yield limiting subsystem process,
leading to an improved agricultural practice with immediate
impact for the given cropping season (Bodner et al., 2015).
Conversely, long-term measures impart gradual fundamental
changes that overcome constraints innate to the soil system.
Until now, there is still no definite conclusion on the relative
performance of short-term and long-term measures, as most
studies focus only on single-season crops and rarely consider the
whole-season effects of different measures on wheat and maize.

Therefore, we investigated soil water storage, photosynthesis
parameters, and the whole-season water utilization of wheat
and maize rotation systems under different practices following
short- and long-term measures. We hypothesized that there
are different effects of straw mulching, subsoiling, and the
combination of subsoiling and straw mulching on soil water
content, the photosynthetic characteristics of crop, and crop yield
between short- and long- term experiments in different rainfall
year patterns. Therefore, we conducted short-term (2014-2016)
and long-term (2006-2016) experiments in the West Henan
province to investigate the effects of different tillage methods
on soil moisture, photosynthetic characteristics, aboveground
biomass, and yield of winter wheat and summer maize from
2014 to 2016. The aim of this study is to (1) analyze if different
short- and long-term practices (straw mulching, subsoiling, and
subsoiling + straw mulching) can promote the photosynthetic
parameters, growth, and increase of yield in both wheat and
maize; (2) explore the mechanisms by which different practices
affect growth, yield, and water use of wheat and maize; (3)
determine a suitable practice for the cultivation of wheat and
maize in the western region of Henan province.

MATERIALS AND METHODS

Experimental Site

The field experiment was conducted at the Yuzhou Experimental
Station (34.16°N, 113.15°E, and 116.1 m above the sea level),
which is located in the west of Henan province. The mean
annual precipitation in this area was 674.9 mm, with more than
60% of the rainfall occurring during the summer. According to
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FIGURE 1 | Distribution of rainfall and temperature from 2014 to 2016.
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the international texture classification system, the soil type is
defined as loamy sand. Soil organic matter in the cultivation
layer was 12.3g kg~!, total nitrogen was 0.80g kg~!, water-
soluble nitrogen was 47.82 mg kg~!, available phosphorus was
6.66mg kg~!, and available potassium was 114.8 mg kg~!.
The crop mode was wheat-maize rotation. Figure 1 shows the
changes in precipitation and atmospheric temperature during the
wheat- and maize-growing seasons in the years of 2014-2015
and 2015-2016.

Experimental Design

The long-term experiment was carried out from the wheat-
planting period from October 20, 2006 to September 30, 2016.
The short-term experiment started in October 20, 2014, and
ended on September 30, 2016. In order to compare the differences
between the experimental periods, we analyzed the data from

short- and long-term experiments for 2 years from October
20, 2014, to September 30, 2016. The experiment was arranged
in a complete random-block design, and there were three
replications. The cultivation measures were performed at the
time of the wheat seeding, while no-tillage seeding was used
for maize every year. Four practices in short- and long-term
experiments were defined: conventional tillage (control), which
uses a moldboard plow to a depth of 15cm; straw mulching
(SM) (2 weeks after the wheat sprouts out, after conventional
tillage); subsoiling (S), which loosens the plow bottom layer
and the soil core layer to a depth of 30cm with a subsoiler
without turning the soil layer; subsoiling + straw mulching
(SS), in which straw mulching was applied after 2 weeks, at
the time when the wheat sprouted out. The area of each plot
was 30 m? (5 x 6m). The winter wheat (Triticum aestivum L.)
cultivar Kaimai-18 and summer maize (Zea mays L.) cultivar
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Zhengdan-958 were used in two experiments. Prior to seeding,
all fields received a base nitrogen fertilizer (187.5kg hm=2 N),
ordinary superphosphate (112.5kg hm™2 P), and potassium
(112.5kg hm~2 K). Compound fertilizer was applied at a rate
of 210kg N hm~2, 120kg P hm~2, and 90kg K hm~2, and
maize seed was sown by a no-tillage planter. Irrigation (in total,
45 mm with a sprinkler irrigation system) was employed during
the regreening stage of winter wheat in 2016 to ensure the
normal growth of wheat, because the rainfall of that year was
low compared with the annual average rainfall. No irrigation was
carried out at other times.

Assay Method

Measurement of Wheat and Maize Photosynthetic
Parameters

Photosynthesis rate (Pn), transpiration rate (Tr), and stomatal
conductance (gs) at the jointing, heading, and filling stages
of winter wheat and that big bellmouth and filling states of
maize were measured at 9:30-11:00 a.m. of sunny and windless
days. The measurements were made using a Li-6,400 portable
photosynthesis system (Li-Cor Company, Lincoln, NE, USA)
with an open gas circuit at a light intensity of 800-1,200 mol
m~2 s7! and an internal red-blue light source unit in a leaf
chamber (2 x 3cm). The temperature was set according to
ambient temperature, and the air flow rate was set at 500 pLmol
s~L. It took 30-45's for each reading to become stabilized. Nine
replicates were determined for each treatment. Leaf water use
efficiency (LWUE) (the amount of assimilated CO, by a plant
divided per-unit mass of water) was measured with Fischer and
Turner (1978) and Powles’s (1984) method and expressed as

LWUE = Pn/Tr (1)
[LWUE, pmol CO, mmol~! H,O; Pn, pmol CO, (m%s)~L:
Tr, mmol H,O (mz-s)fl].

Soil Moisture Content Soil Water Storage

Soil samples of the 0-100-cm layer were collected using soil
augers during the sowing stage, regreening stage, jointing stage,
booting stage, heading stage, filling stage, and harvest stage of
winter wheat, and the sowing stage, big bellmouth stage, filling
stage, and harvest stage of maize. Their gravimetric soil water
contents (SWC) were determined using the oven-drying method
(Ma et al., 2015):

SWC = [(Soilfreshweight — soildryweight)/soildryweight] x 100 (2)
(SWC, %; soilfreshweight, g; soildryweight, g)

Soil water storage (SWS, mm) at different growth stages of winter
wheat and maize was calculated using the following equation:

SWS = HxMxdx10 (3)

where SWS is soil water storage (mm), H is soil depth (mm), M is
soil moisture content (g g~!), and d is soil bulk density (g cm ™)
(Table 1).

The soil water storage of the 0- to 100-cm soil layer (SWS;g0)
refers to the sum of soil moisture content of the 0- to 20-, 20- to
40-,..., 80- to 100-cm soil layers.

TABLE 1 | Soil bulk density under the Control, SM, S and SS treatments.

Soil depth/cm Control SM S SS
0-20 1.48 1.38 1.28 1.25
20-40 1.59 1.54 1.44 1.46
40-60 1.68 1.57 1.50 1.47
60-80 1.53 1.49 1.53 1.65
80-100 1.66 1.48 1.48 1.51

Control, conventional tillage; SM, straw mulching; S, subsoiling; SS, subsoiling +
straw mulching.

Evapotranspiration

Evapotranspiration for the winter wheat- and summer maize-
growing seasons was calculated, using the water balance equation
(Lietal., 2010):

ET=P+1—-D—R+W+ AM (4)
AM = M; — Mjy, (5)

where evapotranspiration (ET) is evapotranspiration (mm), P is
precipitation (mm) data from weather stations near the field, I
is irrigation (mm), D is soil water drainage (mm)—no drainage
was observed in our study area—R is surface runoff (mm)—but
there was no surface runoffin the experiment—W is groundwater
recharge in the experimental site (mm), but the groundwater level
was deeper than 10 m in our study, so W was ignored, and AM
is the change in soil water storage capacity in the 0-100-cm soil
profiles during the different growth stages of winter wheat and
summer maize (mm). M; is SWS;gg before a previous certain
stage of wheat (maize) (mm) and M;; is SWSjqo after a certain
stage of wheat (maize) (mm).

Yield and Production Factors of Wheat and Maize
Plant height and panicle length were measured using a ruler, and
spikelet number per spikelet was calculated manually. Population
number of wheat was calculated within 1 m? and converted into
number per hectare.

The crop yields were determined by manually harvesting and
air-drying the grains (12.5% water content) from 4 and 8 m? areas
chosen at random in each plot for winter wheat and summer
maize, respectively, and converted into yield (kg) per hectare.

At the wheat harvest, the number of ears in various
representative plots of 1 m? was surveyed and converted into
number of ears per unit area. At the same time, their grains were
threshed, air-dried, and weighed. A total of 10 wheat plants in
each plot were randomly selected, and the number of grains of
all the ears was counted and converted into number of grains
per ear. The 1,000-grain weight of wheat and 100-grain weight of
maize were measured by electronic balance. A total of five maize
plants in each plot were randomly selected, and the number of
rows in each panicle was counted.

Aboveground Biomass
In each plot, plants from a 1-m-long row from the same inside
row were cut randomly at the ground level at jointing, heading,
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filling, and harvest stages of wheat, respectively. Five maize plants
in each plot were also cut randomly at the ground level at big
bellmouth, filling, and harvest stages of maize, respectively. The
plants were dried at 70°C using an oven until they reached a
constant weight and converted into weight (kg) per hectare.

Water Use Efficiency
Water use efficiency was calculated as follows (Faramarzi et al.,
2010):

WUE = Y/ET (6)

where Y is the grain yield (kg m™2), and ET is the
evapotranspiration over the winter wheat and summer maize-
growing seasons (mm).

Statistical Analysis

All reported values were means of the three replicates of each
treatment, except for the photosynthetic parameters, which
were means of the nine replicates of each treatment. Differences
in population number, water storage, water consumption,
aboveground biomass, photosynthetic parameters, yield,
water use efficiency, and yield components in different term
experiments between treatments were analyzed using one-way
ANOVA, with a least significant difference (LSD) (at P <
0.05) test (from Tables2-6 and from Figure2 to Table 6).
The Pearson correlation coefficient was calculated to assess
the relationships between annual total yield and yield, water
consumption, and water use efficiency (WUE) of wheat and
maize under different term experiments (Table 7). All statistical
analyses were performed using SPSS version 19.0 (SPSS Inc.,
USA) (Xue, 2019).

RESULTS

Wheat Population Number of Different

Measures in Different Years

As shown in Figure 2A, during the crop season, the population
number of wheat initially increases (from seeding to jointing
stages) and then decreases (from booting to heading stages),
because of its own characteristics and soil moisture condition.
Higher population numbers for SM, S, and SS treatments were
achieved under short-term treatments compared with long-term
treatments at the tillering stages, especially under the SM and
S treatments, which increased population number by 36.0 and
48.1% compared with the same long-term treatments. However,
this was reversed after the regreening stage, where the population
number under long-term treatments became larger than that
under short-term treatments. From the regreening to the jointing
stages, SM treatment resulted in a higher population number
under both short- and long-term experiments, which were
increased by 52.7, 52.4, and 20.1, 20.1%, compared to their
control at these two stages, respectively. The population number
under S treatment was higher than that under other treatments
at the booting and heading stages in the short-term experiment.
However, in the long-term experiment, SM and SS treatments
resulted in higher population numbers compared with other
treatments at the heading stage.

From the Figure2B, the population number in 2015-
2016 is seen to be obviously lower than that in 2014-
2015 (Figure 2A). The population number of wheat increased
(from seeding to booting stages) initially and then decreased
(heading stage). At the seedling and heading stages, there
were no significant population differences under short-term

TABLE 2 | Photosynthetic characteristics in different growth stages of wheat under the Control, SM, S and SS treatments in different years.

Factors Treatments St(2015) Lt(2015) St(2016) Lt(2016)
Jointing Heading Filling Jointing Heading Filling Jointing Booting Filling Jointing Booting Filling
Pn/(umol(COz)m—2s~") Control 6.37c 1221c  12.85c  8.22¢c 10.62¢c  11.60c  7.73c 8.22b 8.31c 8.44c 9.97¢c 9.03d
SM 8.11a 19.76a 16.06a 9.62b 16.67a 12.92b  8.68b 9.02a 11.36b 9.09bc  12.45a 10.27c
S 7.05b 14.43pb  14.21b  10.40a  14.16b 13.32b 9.95a 8.36b 6.71d  10.00a  12.47a 12.86b
SS 8.57a 14.53b 13.85b 10.34a 15.61a 18.21a  9.80a 9.20a 12.54a 9.50ab  11.44b 13.59a
Tr/(mmol(H,O)m—2s~") Control 0.83b 2.10b 2.88b 1.44b 2.79a 3.91a 1.87b 1.87b 1.89¢ 2.24c 2.49b 1.68a
SM 0.98a 2.96a 3.47a  1.56ab 2.12b 3.36b 1.87b 2.06a 2.29b 2.39b 3.06a 1.29b
S 0.99a 2.35b 3.57a 1.47b 2.28b 3.43b 2.44a 1.78b 1.85¢ 2.63a 3.00a 1.26b
SS 0.86b 2.35b 3.00b 1.58a 2.26b 4.05a 2.32a 2.11a 2.76a 2.48b 2.33b 1.23b
gs/(mol(HO)m—2s~1) Control 0.12c 0.45¢ 0.29b 0.22a 0.56b 0.38b 0.27b 0.16a 0.12a 0.37b 0.25b 0.28a
SM 0.14b 0.76a 0.46a 0.20a 0.73a 0.49a 0.27b 0.18a 0.14a 0.37b 0.32a  0.19b
S 0.16a 0.56b 0.45a 0.23a 0.57b 0.39b 0.39a 0.14a 0.11a 0.43a 0.34a  0.21b
SS 0.14b 0.54b  0.38ab  0.20a 0.65ab  0.52a 0.37a 0.18a 0.13a 0.45a 0.21b  0.19b
LWUE/ Control 7.65¢ 5.81b 4.47a 5.72¢ 3.77¢c 2.97c 4.12b 439  4.41b 3.77a 4.01b  5.38d
(Lmol(COz)mmol~"(H,0)) SM 8.30b 6.66a 4.62a  6.18bc 7.34a 3.84b 4.64a 4.37b 4.96a 3.81a 4.07b 7.99¢c
S 7.13c 6.13a 3.98b 7.08a 6.22b 3.88b 4.09¢c 4.70a 3.62c 3.81a 4.15b  10.20b
SS 10.00a 6.20a 4.61a 6.53b 6.91ab  4.49a  4.23bc 4.35b  4.55b 3.84a 4.90a 11.02a

St, short-term; Lt, long-term; Control, conventional tillage; SM, straw mulching; S, subsoiling; SS, subsoiling + straw mulching. Pn, Photosynthesis rate; Tr, transpiration rate; gs,
stomatal conductance; LWUE, Leaf water use efficiency. Different lower-case letters within a column indicate significant differences (p < 0.05) among same factor.
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TABLE 3 | Photosynthetic characteristics in different growth stages of maize under the Control, SM, S and SS treatments in different years.

Factors Treatments St(2015) Lt(2015) St(2016) Lt(2016)
big bellmouth Filing big bellmouth Filing Filing Filing
Pr/(1umol(COz)m—2s~") Control 35.42¢ 20.41c 34.31b 19.84b 16.63c 16.98¢c
SM 39.02b 22.83a 35.99a 20.24b 16.71bc 18.11b
S 40.60b 23.41a 35.49a 22.54a 17.52b 17.89b
SS 42.01a 21.42b 35.75a 23.28a 19.22a 21.49a
Tr/(mmol(H,O)m—2s~1) Control 5.98b 3.17bc 4.64b 3.06ab 2.98a 2.91a
SM 6.01b 3.25b 4.56b 2.89b 2.72b 3.00a
S 6.44ab 3.49a 3.95¢ 3.19a 2.81ab 2.53b
SS 6.85a 3.06¢ 5.03a 3.30a 2.80ab 2.45b
gs/(mol(H,O)m=2s~1) Control 0.35¢ 0.20b 0.45a 0.20a 0.31a 0.30a
SM 0.46bc 0.21ab 0.33b 0.17b 0.15¢ 0.16¢
S 0.50b 0.24a 0.34b 0.21a 0.19¢ 0.18¢c
SS 0.63a 0.26a 0.43a 0.21a 0.28b 0.21bc
LWUE/(mol(COz)mmol~" (Ho0)) Control 5.93c 6.44b 7.69b 6.84b 5.58¢c 5.84d
SM 6.50a 7.04a 7.89b 7.01a 6.14b 6.04c
S 6.30ab 6.72b 9.00a 7.06a 6.23b 7.07b
SS 6.14bc 7.00a 711c 7.06a 6.86a 8.77a

St, short-term; Lt, long-term; Control, conventional tillage; SM, straw mulching; S, subsoiling; SS, subsoiling + straw mulching. Pn, Photosynthesis rate; Tr, transpiration rate; gs,
stomatal conductance; LWUE, Leaf water use efficiency. Different lower-case letters within a column indicate significant differences (p < 0.05) among same factor.

and long-term experiments. However, there were significantly
different population numbers between short- and long-term
experiments at the jointing and booting stages, and the
population numbers of S and SS treatments in short-term were
7.6, 16.2%, 30., and 23.8% larger than long-term S and SS
treatments in these two stages, respectively.

Soil Water Storage (SWS) During the Stage
of Wheat and Maize Under Different

Measures in Different Years

SWS During the Stage of Wheat

As shown in Figure 3, as the growth stages of wheat progressed,
the soil water storage (SWS) showed a downward trend. In
2014-2015 (Figure 3A), the SWS under short-term experiment
was higher than that under the long-term experiment at the
regreening stage. In particular, it was a large degree higher under
SS treatment in the short-term experiment compared with other
treatments. At the jointing stage, the SWS under long-term S and
SS treatments was 12 and 6.5% higher than that under short-term
S and SS treatments, respectively. At the booting, heading, and
filling stages, the SWS in the long-term experiment was higher
than in the short-term experiment, except under SS treatment.
At harvest, the SWS of each treatment in short-term experiment
was higher than that in the long-term experiment. At this stage,
the SWS under SS treatment in the short-term experiment was
still the highest compared with other treatments.

In 2015-2016 (Figure 3B), at the regreening, heading, and
booting stages, the SWS of each treatment in the long-term
experiment was higher than that in the short-term experiment,
especially under the SS treatment. At the heading stage, the SWS
under SM and SS in the long-term experiment was 9.9 and 20.6%

higher than that in the short-term experiment, respectively, while
the SWS under control and S treatment in short-term experiment
was significantly higher than that in the long-term experiment.
At the filling and harvest stages, the SWS under short-term
control and SM treatments were higher than that in the long-term
experiment. However, in each growth stage, the SWS under long-
term SS treatment, ranging from 102.3 to 238.7 mm, was higher
than that of other treatments.

SWS During the Stage of Maize

As for maize, in 2015 (Figure 4A), the SWS under the control was
significantly (P < 0.05) lower than that under other treatments at
the big bellmouth stage. The SWS in the short-term experiment
was lower than in the long-term experiment. During the whole
stage, long-term SM, S, and SS treatments led to higher SWS
compared with the respective short-term treatments, while the
SWS under SS treatment was the highest compared with other
treatments at the filling stage.

In 2016 (Figure4B), at the big bellmouth stage, the
SWS under SS treatment in the short-term experiment was
significantly higher (P < 0.05) than that of other treatments,
followed by the long-term SS treatment. At the filling stage, the
SWS under SS and SM treatments in short-term experiment was
significantly higher than that of other treatments, followed by
the long-term SS treatment. At the harvest stage, in addition
to S treatment, the SWS under other treatments in the short-
term experiment were significantly higher than that of the long-
term experiments, and the SWS under SM treatment was the
highest. On the whole, the SWS under SS treatment of the two
experiments was still higher during the various growth stages
of maize.
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TABLE 4 | Yield, water use efficiency and yield component of wheat under the Control, SM, S and SS treatments in different years.

Year Term Treatments Plant Ear Spikelet Grain 1000 Total water Yield/ WUE/
height/cm length/cm number number per grain/g consumption/mm (kg hm~2) (kg
panicle mm~'hm~3?)
2015 St Control 70.3d 8.5b 20.1b 41.0c 41.6d 433.4a 7592.6¢ 17.5¢
SM 77.6b 9.7a 21.8a 43.6a 46.5a 418.1¢c 8027.8b 19.2b
S 73.3¢c 9.2ab 22.0a 441a 45.5a 426.1b 8703.7a 20.4ab
SS 79.5a 8.8b 22.2a 42.0b 42.5¢cd 389.8d 8166.7b 20.9a
Two- Fem n N * n * N wx N
Way- Fs x ns * ns - - o ns
ANOVA  Fgu x Fg ns * ns * ns * ns =
Lt Control 70.2e 7.9bc 20.0d 32.9f 41.9d 448.1c 8180.6d 18.3bc
SM 77.5b 9.0b 20.5¢cd 32.0f 43.9bc 461.1b 8583.3¢c 18.6b
S 75.8¢c 8.3b 21.1c 36.5e 45.4a 461.8b 9625.0a 20.8a
SS 73.0d 10.1a 23.3a 38.0d 41.9¢c 473.3a 8458.3¢ 17.9bc
Two- Fem wx " * N N " . N
Way- Fs wx - * o * N o x
ANOVA  Fgu x Fs ns ns ns ns * ns * ns
2016 St Control 56.8b 6.9a 19.4a 29.1¢c 42.1b 244.7b 4826.4c 19.7¢
SM 53.2¢c 6.9a 19.4a 36.9a 42.4b 260.7a 5243.1b 20.1b
S 53.8¢c 7.0a 18.9b 29.4¢c 41.8bc 244.4b 5104.2b 20.9b
SS 58.6a 7.2a 18.6b 32.6b 44.3a 254.3ab 5618.1a 22.1a
Two- Fou " ns " * N N B «
Way- Fs . ns * ns - * * ns
ANOVA  Fgm x Fs ns ns ns > ns ns ns .
Lt Control 52.0c 6.8a 19.6a 33.8b 41.1c 256.1a 6909.7d 27.0d
SM 56.8a 7.0a 19.8a 31.0c 42.2b 252.7ab 7351.4c 29.1c
S 54.6b 6.9a 19.0a 34.0b 43.6a 250.9ab 7604.2b 30.3b
SS 52.9¢ 7.0a 19.7a 37.8a 43.7a 247.4b 7743.1a 31.3a
Two- Fsm * ns ns * * ns * *
Way- Fs x ns * ns - N B N
ANOVA  Fgu x Fg ns ns ns * ns ns ns -

St, short-term; Lt, long-term; Control, conventional tillage; SM, straw mulching; S, subsoiling; SS, subsoiling + straw mulching. Different lower-case letters within a column in 2015 or in
2016 indicate significant differences (p < 0.05), respectively. Fsy, Fs and FsyyxFs mean F-values of straw mulching, subsoiling and their interactions in variance analysis respectively.

“, ** and ns” indicate difference at the 0.05, 0.07 and no probability levels, respectively.

Water Consumption of Wheat and Maize
Under Different Measures in Different

Years

The water consumption of crops during different growth stages
reflects their demand for water. This can be seen in Figure 5A
(2014-2015). The rainfall during the whole growth period
cannot fulfill the entire water requirement of wheat, so it was
necessary to use soil moisture to maintain the normal growth
of wheat. During the whole growth period of wheat, the water
consumption of different measures in the long-term experiment
was higher than that of the control, but the water consumption
of the short-term experiment was lower than that of the control.
The SS treatment in the short-term experiment could effectively
improve the soil water storage and reduce the water consumption
of wheat. For the later stubble maize (Figure 6A), the water
consumption during the sowing-big bellmouth stage was the
highest, and the rainfall during that period was much higher

than water consumption of maize. At other growth stages, it was
necessary to obtain the water from the soil to meet the growth
of maize because of insufficient rainfall. After the big bellmouth
stage, the water consumption of the long-term experiment was
higher than that of the short-term experiment. The total water
consumption of maize with the SS treatment in the short-term
experiment and the S and SM treatments in the long-term
experiment during the whole growth period were higher than
that of other treatments. The rainfall during the whole growth
period of maize can meet its growth, and the excess precipitation
can be stored in the soil for the growth of wheat next year.

From 2015 to 2016 (Figure 5B), rainfall was used to meet the
growth of wheat during the sowing-regreening and filling-harvest
stages. At the seeding-regreening, booting-heading and whole
stages of wheat, the SS treatment in the short-term experiment
resulted in the highest total water consumption. However, at
the regreening-jointing and whole stages of wheat, the water
consumption of the S treatment in the short-term experiment
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TABLE 5 | Yield and water use efficiency and yield component of maize under the Control, SM, S and SS treatments in different years.

Year Term Treatments Plant Panicle Number of Double row Panicle 100 grain Water Yield/ WUE/
height/cm position/cm rows grain length /cm  weight/g consumption/mm (kg hm~2) (kg
number mm-"hm~2)
2015 St Control 231.0c 112.7b 14.0c 71.8¢c 15.0b 29.0a 340.0c 6484.5¢ 19.1¢c
SM 241.2b 105.3c 15.2a 72.4bc 16.8a 25.3b 344.5bc 7182.1b 20.8b
S 241.2b 106.0c 14.4bc 74.4a 16.6a 26.9b 346.9bc 7466.2a 21.5a
SS 253.1a 120.2a 15.6a 73.2ab 16.6a 25.9b 367.4a 7533.7a 20.5b
Two- Fam N N * n B N ns - .
Way- Fs - ns * ns ox ns * - -
ANOVA  Fgu x Fs ns * ns * ns * ns = ns
Lt Control 240.0c 107.2b 15.2ab 69.2¢c 156.7¢ 31.0b 341.5¢c 6902.1¢c 20.2c
SM 241.4c 109.2a 14.4b 77.2b 17.3b 31.5ab 350.8b 7592.7b 21.6b
S 244.2b 103.0c 16.0a 78.0b 18.0a 32.7a 368.7a 7837.8a 21.3b
SS 251.2a 103.4c 15.6a 80.0a 18.1a 31.1b 340.7¢c 7726.6a 22.7a
Two- Fsm * ns ns * * * ns * *
Way- Fs * ns * ns * ns * * **
ANOVA  Fgu x Fs ns * ns * ns * * = ns
2016 St Control 216.4d 108.0c 15.6bc 60.0d 14.4bc 28.7a 305.7b 4442.9d 14.5¢
SM 242.0a 115.6b 14.8c 66.6¢c 14.6bc 24.0b 294.c 5217.9¢ 17.7b
S 239.6a 109.0c 15.6bc 65.6¢c 15.4ab 25.1b 358.8a 5404.2b 156.1c
SS 240.a 127.8a 16.4a 72.0a 16.0a 25.9b 307.7b 6066.1a 19.7a
Two- Fsm * * * * * ns ns * -
Way- Fs * * « * ox ns * - -
ANOVA  Fgu x Fs ns * ns * ns * ns > ns
Lt Control 223.0b 100.8b 14.8¢ 53.0c 13.0b 35.0a 319.7a 5928.0d 18.5¢
SM 228.6a 101.4b 16.0ab 64.2a 14.8a 30.9¢ 313.4ab 6811.9¢ 21.7b
S 229.4a 107.6a 16.4a 59.0b 13.9b 32.7b 310.4b 6962.5bc 22.4b
SS 222.8b 97.0c 16.4a 59.4b 14.8a 33.3b 291.6¢ 7154.2a 24.5a
Two- Fam N N * n * . * N *
Way- Fs - ns « ns x ns * - -
ANOVA  Fgy x Fs ns * ns * ns * ns > ns

St, short-term; Lt, long-term; Control, conventional tillage; SM, straw mulching; S, subsoiling; SS, subsoiling + straw mulching. Different lower-case letters within a column in 2015 and
2016 indicate significant differences (p < 0.05) respectively. Fsy, Fs and Fsyy x Fs mean F-values of straw mulching, subsoiling and their interactions in variance analysis respectively.
“, **and ns” indicate difference at the 0.05, 0.07 and no probability levels, respectively.

TABLE 6 | Annual total yield, water consumption and water use efficiency of wheat and maize under the Control, SM, S and SS treatments in different years.

Treatments Annual total yield/(kg hm=2) Annual total water consumption/mm Annual total WUE/(kg mm~'hm~2)
2015 2016 2015 2016 2015 2016

St Lt St Lt St Lt St Lt St Lt St Lt
Control 14077.0dB 15082.7cA  9269.2cB  12837.7bA 773.4aB 789.6cA 550.4bB 575.8aA 18.2cB 19.1cA 16.8dB 22.3dA
SM 15209.9cB  16176.0bA 10461.0bB 14163.3aA 762.6bB 811.9bA 554.8bB 566.1bA 19.9bA 19.9bA 18.9cB 25.0cA
S 16170.0aB  17462.8a 10508.3bB 14566.7aA 772.9aB 830.6aA 603.2aA 561.4bB 20.9aA 21.0aA 19.90B 25.9bA
SS 15700.4bB  16184.9pA 11684.2aB 14897.2aA 757.2bB 814.0bA 562.0bA 539.0cB 20.7aA 19.9bB 20.8aB 27.6aA
Two- Fou wx . N N ns . wox o ox ox *x *x
Way- Fs > ns ns ns > ns * o ns ns > >
ANOVA  FguxFs * - ns ns ns * * ns * - * *

St, short-term; Lt, long-term; Control, conventional tillage; SM, straw mulching; S, subsoiling; SS, subsoiling + straw mulching. Different lower-case letters within a column indicate
significant differences (p < 0.05), different upper-case letters within a line indicate significant differences (p < 0.05) between short- and long-term experiment in same year. Fsy, Fs
and FgyyxFs mean F-values of straw mulching, subsoiling and their interactions in variance analysis respectively. **, ** and ns” indicate difference at the 0.05, 0.07 and no probability
levels, respectively.

Frontiers in Agronomy | www.frontiersin.org 8 August 2021 | Volume 3 | Article 708075


https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/agronomy#articles

Yang et al. Straw Mulching and Subsoiling Affects Wheat and Maize

A

1600 "

1400 - @ Control =g
o) — B SM FsmxFs: *
3 L
g = S
235 800
S22
2 600
<

400

200

0
Seedling | Tillering |Regreening| Jointing | Booting | Heading
Growth stage
-2015

5 (2014-2015)

1600 -

@ Control swi
1400 F: =
8 SM FsmxFs: *
1200 | S
1000 | m SS o

Population number
/(104/hm?)
(o]
()
S

Booting

Growth stage
(2015-2016)

FIGURE 2 | Population number in different growth stages of wheat under the Control, SM, S and SS treatments in different years. Error bars represent standard
deviation (n = 3). Columns labeled with different letters represent significant differences at P < 0.05 among treatments of two experiments at same growth stage. (A)
2014962015 and (B) 2015962016. St, short-term; Lt, long-term; Control, conventional tillage; SM, straw mulching; S, subsoiling; SS, subsoiling 4+ straw mulching.
Fsm, Fs and Fsy x Fs mean F-values of straw mulching, subsoiling and their interactions in variance analysis respectively. “* and **” indicate difference at the 0.05 and
0.01 levels, respectively.

TABLE 7 | Correlation between annual total yield and yield, water consumption and WUE of wheat and maize under different term experiments.

Term Wheat Maize

Biomass Yield Water consumption WUE Biomass Yield Water consumption WUE
Short 0.445 0.991* 0.929** —0.185 0.724* 0.983* 0.660 0.894**
Long 0.840™ 0.978* 0.796* —0.627 0.604 0.959** 0.729* 0.363

Values labeled with “* and **” denote a significant relationship at P<0.05 and P < 0.01, respectively.
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FIGURE 3 | Water storage in different growth stages of wheat under the (2016)
Control, SM, S, and SS treatments in different years. Error bars represent
standard deviation (n = 3). Columns labeled with different letters represent FIGURE 4 | Water storage in different growth stages of maize under the
significant differences at P < 0.05 among treatments of two experiments at Control, SM, S and SS treatments in different years. Error bars represent
same growth stage. (A) 2014962015 and (B) 2015962016. Control, standard deviation (n = 3). Columns labeled with different letters represent
conventional tillage; SM, straw mulching; S, subsoiling; SS, subsoiling + straw significant differences at P < 0.05 among treatments of two experiments at
mulching. Fsum, Fs and Fsy xFs mean F-values of straw mulching, subsoiling same growth stage. (A) 2015 and (B) 2016. Control, conventional tillage; SM,
and their interactions in variance analysis respectively. “* and **” indicate straw mulching; S, subsoiling; SS, subsoiling + straw mulching. Fsv, Fs and
difference at the 0.05 and 0.01 probability levels, respectively. Fsm x Fs mean F-values of straw mulching, subsoiling and their interactions in
variance analysis respectively. “* and **” indicate difference at the 0.05 and
0.01 probability levels, respectively.

was lowest compared with other treatments in the short- and
long-term experiments. For the later stubble maize (Figure 6B),
rainfall was used to meet the growth of wheat during the
seeding-big bellmouth and big bellmouth-filling stages. At the
big bellmouth-filling stage, water consumption of maize was the
lowest compared with other stages. At the seeding-big bellmouth
stage, the S treatment in the long-term experiment had the
highest water consumption, and the water consumption of the SS
treatment in the short-term experiment was the lowest. However,
at the big bellmouth-filling stage, the water consumption of the
SS treatment in the short-term experiment was the highest, while
SM and control were lower than other treatments. At the filling-
harvest stage, rainfall was far from meeting the transpiration
needs of maize, and the water consumption of the short-term S
treatment and long-term SM treatment was higher than other
treatments. The total water consumption of the short-term S
treatment was the highest compared with that of other treatments
in both experiments, while the long-term SS treatment had the
lowest water consumption.

Biomass of Wheat and Maize Under

Different Measures in Different Years
Biomass of Wheat

The aboveground biomass of crops reflects its ability to
accumulate photosynthetic dry matter. It can be seen from
Figure 7A that, as the wheat growth period progressed, the
biomass of wheat increased gradually, and the biomass of wheat
in 2015 was significantly higher (P < 0.05) than that in 2016.
In 2015, the biomass under the SM treatment in the long-
term experiment was higher than that under other treatments
in different growth stages, followed by the S treatment in the
short-term experiment at the jointing and harvest stages, and
the biomass under control was lower than that under other
treatments in the short-term experiment. At harvest, the biomass
under the long-term treatment was higher than that under the
short-term experiment; in particular, the biomass under the SM
treatment in the long-term experiment was significantly higher
(P < 0.05) than that under other treatments. In 2016, the biomass
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FIGURE 5 | Water consumption in different growth stages of wheat under the
Control, SM, S and SS treatments in different years. Error bars represent
standard deviation (n = 3). Columns labeled with different letters represent
significant differences at P < 0.05 among treatments of two experiments at
same growth stage. (A) 2014962015 and (B) 2015962016. Control,
conventional tillage; SM, straw mulching; S, subsoiling; SS, subsoiling + straw
mulching. S-R, sowing-regreening; R-J, regreening-jointing; J-B,
jointing-booting; B-H, booting-heading; H-F, heading-filling; F-H,
Filling-harvest; W-C, total water consumption. Fgy, Fs and Fgy x Fs mean
F-values of straw mulching, subsoiling and their interactions in variance
analysis respectively. “*, ** and ns” indicate difference at the 0.05, 0.01 and no
probability levels, respectively.

under the long-term experiment was lower than that under the
short-term experiment at the different growth stages of wheat
except for the control. At the filling and harvest stages, the
biomass under the S treatment in two experiments was higher
than other treatments, while that under the control was the
lowest. At different stages except the harvest stage of wheat, the
biomass under SS treatment in long-term experiment was lower
than under other treatments except the control, which was related
to its water consumption (Figure 6B).

Biomass of Maize

From Figure 7B, it can be seen that, as the maize growth period
progressed, the biomass increased. In 2015, the biomass of
the SS treatment was the highest, followed by the S and SM
treatments, and the control treatment had the lowest biomass
in the different periods of short- and long-term experiments.
After the big bellmouth stage, the biomass under each treatment
in the long-term experiment was higher than that in the short-
term experiment. In 2016, the biomass under each treatment in
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FIGURE 6 | Water consumption in different growth stages of maize under the
Control, SM, S and SS treatments in different years. Error bars represent
standard deviation (n = 3). Columns labeled with different letters represent
significant differences at P < 0.05 among treatments of two experiments at
same growth stage. (A) 2015 and (B) 2016. Control, conventional tillage; SM,
straw mulching; S, subsoiling; SS, subsoiling + straw mulching. S-B,
sowing-big bellmouth; B-F, big bellmouth-filling; F-H, Filling-harvest; W-C, total
water consumption. Fgv, Fs and FgyxFs mean F-values of straw mulching,
subsoiling and their interactions in variance analysis respectively. “* and **”
indicate difference at the 0.05 and 0.01 probability levels, respectively.

the long-term experiment was still higher than that in the short-
term experiment except the big bellmouth stage. The biomass in
two experiments of SS treatment was the highest compared with
other treatments, followed by the SM treatment except the big
bellmouth stage.

Photosynthetic Characteristics of Wheat
Under Different Measures in Different

Years

The Net Photosynthetic Rate of Wheat

It can be seen from Table 2 that the net photosynthetic rate
(Pn) was the highest at the heading stage, followed by the filling
stage and was the lowest at the heading stage in 2015. At the
jointing stage, the Pn under each treatment in the long-term
experiment was higher than that in the short-term experiment,
and the Pn under the SS treatment was the highest in both
experiments. At the heading stage, except the SS treatment,
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FIGURE 7 | Aboveground biomass in different growth stages of wheat (A) and maize (B) under the Control, SM, S and SS treatments. Error bars represent standard
deviation (n = 3). Columns labeled with different letters represent significant differences at P < 0.05 among treatments of two experiments at same growth stage. St,
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straw mulching, subsoiling and their interactions in variance analysis respectively. “**” indicate difference at the 0.01 probability levels, respectively.

the Pn under other treatments in the short-term experiment
was higher than that in the long-term experiment, and the SM
treatment was higher in both experiments. At the filling stage,
the Pn under the SS treatment in the long-term experiment,

18.21 wmol m™2s

-1

, was significantly higher than that in the

short-term experiment, but the Pn under the other treatments in
the long-term experiment was lower than that in the short-term
experiment. In the short-term experiment, the SM treatment
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was more beneficial in increasing the Pn of wheat, while the SS
treatment showed the highest Pn in the long-term experiment
in the whole stage of wheat. In 2016, at different growth stages
of wheat, the Pn in the long-term experiment was higher than
that under the short-term experiment. The Pn under the SS
treatment was significantly higher (P < 0.05) than that under
other treatments at different stages in the two experiments.

The Transpiration Rate of Wheat

In 2015, the transpiration rate (Tr) of wheat was shown as
follows: filling stage > heading stage > jointing stage. The Tr
in the long-term experiment was higher than that in the short-
term experiment at the jointing stage, and the Tr in the long-term
SM and SS treatments was higher than that in other treatments.
At the heading stage, the Tr in the short-term control was
lowest compared with that in other treatments, but the result
was reverse at the filling stages. In 2016, the Tr in the long-term
experiment was higher than that in the short-term experiment
at the jointing and booting stages, and the S treatment in the
long-term experiment was the highest in each treatment. At the
filling stage, the Tr in the short-term experiment was higher
than that in the long-term experiment, and the Tr under the SS
treatment was the highest compared with other treatments in the
short-term experiment.

Stomatal Conductivity of Wheat

The stomatal conductivity (g;) of wheat at different growth stages
was as follows: in 2015, heading > filling > jointing, and the
g, in long-term experiment were higher than that in the short-
term experiment at the jointing stage. At the heading and filling
stages, the g; of wheat was increased by SM, S, and SS treatments,
and the g under the SM treatment was basically higher than that
under other treatments. In 2016, the g5 of wheat was as follows:
jointing > booting > filing. The g in the long-term experiment
was higher than that in the short-term experiment. At the jointing
stage, the g5 under the S and SS treatments was higher than that
under other treatments in the two experiments. However, the g
was not significant between different treatments at the jointing
and filling stages.

Leaf Water Use Efficiency of Wheat

As for the leaf water use efficiency (LWUE) of wheat, in 2015,
with the advance of the wheat growth period, the LWUE was
decreased. At the jointing and filling stages, the LWUE of wheat
in the short-term experiment was higher than that in the long-
term experiment. However, LWUE under the SS treatment in
the short-term experiment was significantly higher than that
under other treatments. LWUE under the S treatment at the
jointing stage and under the SS treatment at the filing stage
in the long-term experiment was significantly higher than that
in the other treatments at these two stages. At the heading
stage of both experiments, the LWUE under SM treatment
was significantly higher than that under other treatments.
In 2016, with the advance of the wheat growth period, the
LWUE increased gradually. In the short-term experiment, the
LWUE under the SM treatment was higher than that under
other treatments. In the long-term experiment, the LWUE

under the SS treatment was the highest compared with other
treatments. The LWUE at the jointing and booting stages in
the short-term experiment was higher than that in the long-
term experiment, but the results at the filling stage were
opposite as the long-term SS treatment had the highest LWUE,
reaching 11.02 pmol mmol .

Photosynthetic Characteristics of Maize
Under Different Measures in Different

Years

The Net Photosynthetic Rate of Maize

It can be seen from Table3 that, in 2015, the Pn was: big
bellmouth stage > filling stage. In the short- and long-term
experiments, different measures increased the Pn of maize. The
Pn under the SS treatment in the short-term experiment was
significantly higher than that under other treatments in the two
experiments at the big bellmouth stage. At the filling stage,
the Pn under control, SM, and S treatments in the short-term
experiment was higher than that in the long-term experiment,
but it was the opposite under the SS treatment. In 2016, Pn in the
short-term experiment was significantly lower than that in the
long-term experiment, and Pn under the SS treatment in the two
experiments was higher than that under other treatments.

The Transpiration Rate and Stomatal Conductivity of
Maize

For the Tr of maize, in 2015, there was a still higher Tr at the
big bellmouth stage compared with the filling stage, and the Tr
in the long-term experiment was lower than that in the short-
term experiment. The Tr under the SS treatment at the big
mouth stage, and under the S treatment at the filling stage in
the short-term experiment and the Tr under the SS treatment
in the long-term experiment were the highest compared with
other treatments. In 2016, the Tr of control was the highest in
the two experiments, while the Tr under the S and SS treatments
in the long-term experiment was lower than that under other
treatments and that in the short-term experiment. In 2015, the g,
of the SS treatment in two experiments was the highest compared
with other treatments. The gs of maize in 2016 showed the same
trend as that of Tr.

Leaf Water Use Efficiency of Maize

In 2015, The LWUE of maize at the filling stage was higher than
that at the big bellmouth stage in the short-term experiment,
but, in the long-term experiment, LWUE at the big bellmouth
stage was higher than that at the filling stage. The SM, S, and
SS treatments all increased LWUE clearly at the big bellmouth
stage in the short-term experiment and at the filling stage in the
long-term experiment, and SM in the two experiments performed
better. In 2016, the LWUE in the long-term experiment was
higher than that in the short-term experiment except for the SM
treatment and the SS treatment that showed the best result.
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Yield Factors, Yield, and Water Use
Efficiency of Wheat Under Different

Measures in Different Years

Different measures affect soil moisture, crop physiological
characteristics, and dry matter accumulation and thus influence
crop yield factors, yield, and water use efficiency. From Table 4,
it can be seen that the plant height, panicle length, spikelet
number, grain number per panicle, 1,000-grain weight, total
water consumption, and yield of wheat in 2015 were higher
than those in 2016, and the important reason was that the
rainfall in 2016 was obviously less compared with 2015. In
2015, different measures increased the plant height, panicle
length, spikelet number, grain number per panicle and 1,000-
grain weight of wheat. Compared with the SM treatment and
the S treatment, the plant height and grain number per panicle
under the SS treatment were increased by 2.4 and 8.6, 1.8 and
0.9%, respectively. However, the ear length, grain number per
panicle and 1,000-grain weight were decreased. In the long-
term experiment, compared with the SM treatment and the S
treatment, the plant height and 1,000-grain weight under the
SS treatment were also decreased, but the ear length, spikelet
number, and grain number per panicle were increased. The
total water consumption of wheat in long-term experiment was
higher than that in the short-term experiment. In the short-term
experiment, the total water consumption of wheat under the SS
treatment was decreased by 10.1, 6.8, and 8.5% compared with
the control, SM, and S treatments, respectively. The yield under
each treatment in the long-term experiment was higher than that
in the short-term experiment, and the yield in the long-term
experiment was 3.6-10.6% higher than that in the short-term
experiment. In both experiments, the yield under the S treatment
was the highest, which was 14.6 and 17.7% higher than that under
the control, respectively. In the short-term experiment, the water
use efficiency (WUE) under the SM, S, and SS treatments was 9.7,
16.6, and 19.4% higher than that under the control, respectively.
In the long-term experiment, the WUE under the SM and S
treatments was 1.6 and 13.7% higher than that under the control,
respectively, while that under the SS treatment was 2.2% lower
than that under the control.

In 2016, in the short-term experiment, compared with the SM
and S treatments, the plant height, panicle length, and 1,000-
grain weight of wheat under the SS treatment were increased,
and the number of spikelets was decreased. In the long-term
experiment, the plant height of wheat under the SS treatment was
decreased by 6.9 and 3.1%, and the number of grains per panicle
and 1,000-grain weight was increased by 21.9 and 11.2%, 3.6, and
0.2%, respectively, compared with the SM and S treatments. In
the short-term experiment, the total water consumption under
the SM and SS treatments was higher than that under control.
However, the long-term application of different maintenance
measures was lower than that of control. The yield and WUE
of each treatment in the long-term experiment were higher
than those in the short-term experiment. In the short-term
experiment, yield and WUE under the SS treatment were the
highest, 16.4 and 12.2% higher than the control, respectively.
While in the long-term experiment, the yield and WUE under the

SS treatment were the highest, which were 12.1 and 15.9% higher
than those under the control, respectively.

Yield Component, Yield, and Water Use
Efficiency of Maize Under Different

Measures in Different Years

For maize (Table 5), in 2015, different measures increased maize
plant height, row number of panicle, double row grain number,
panicle length, but decreased maize panicle position. Compared
with the SM and S treatments, the SS treatment was more
beneficial to increase plant height, panicle position, and row
number per ear in the short-term experiment, and the water
consumption of this treatment was also higher, so its water use
efficiency was lower. In the long-term experiment, the plant
height, double row grain number, and panicle length under the
SS treatment were still higher than those under other treatments,
but the water consumption under this treatment was lower, so its
water use efficiency was higher than that under other treatments.
In the short- and long-term experiments, the yield and water use
efficiency of wheat under the SS treatment were 16.2 and 7.%, 11.9
and 12.4% higher than those under the control, respectively.

In 2016, in the short-term experiment, the panicle position,
panicle row number, double row grain number, and panicle
length under the SS treatment were higher than those under other
treatments, yet the water consumption under the SS treatment
was lower, and the yield under the SS treatment was significantly
higher than that under other treatments; therefore, the WUE was
higher. In the long-term experiment, the plant height, panicle
position, and 100-grain weight under the SS treatment were lower
than those under other treatments, and its water consumption
was the lowest, but the yield was higher. Therefore, the WUE
under the SS treatment was significantly higher than that under
other treatments. Compared with the short-term experiment, the
100-grain weight, yield, and WUE in the long-term experiment
were higher. Based on the comprehensive factors, the effect of the
SS treatment on increasing yield and saving water was better than
other treatments.

Annual Total Yield, Water Consumption,
and Water Use Efficiency of Wheat and
Maize Under Different Measures in

Different Years

As seen in Table 6, in 2015, the annual total yield of wheat and
maize under the S treatment was the highest, while, in 2016, the
SS treatment in the short-term experiment showed the highest
total yield compared with the other treatments, but there was no
significant difference between the SM, S, and SS treatments in
the long-term experiment. The annual total yield of wheat and
maize in 2015 was higher than that in 2016, and the annual total
water consumption was still higher in 2015. In all treatments, the
annual total water consumption under the S treatment in the
two experiments in 2015 and in the short-term experiment in
2016 was higher than that under other treatments. The annual
total WUE in the long-term treatments in 2016 was higher than
the short-term treatments, and that under the SS treatment was
significantly higher than under the other treatments. In the two
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experiments in 2015, the S treatment resulted in the highest
annual total WUE.

Correlation Analysis Between Biomass,
Yield, Water Consumption, WUE of Wheat
and Maize, and Annual Total Yield Under

Different Term Experiments

The correlation between yield, biomass, water consumption,
WUE of wheat and maize, and annual total yield was analyzed
(Table 7). It can be seen that the annual total yield was
significantly (P < 0.05) or extremely significantly (P < 0.01)
positively correlated with yield and water consumption of wheat,
biomass, and the yield and WUE of maize under the short-
term experiment. However, under the long-term experiment,
the annual total yield was significantly or extremely significantly
positively correlated with biomass, yield, and water consumption
of wheat, and yield, and water consumption of maize, while
negatively correlated with wheat WUE. The above indicates
that the same treatment has different effects on the total yield
and WUE of wheat and maize in different years. We should
coordinate the biomass and water consumption of wheat and
maize to promote the annual total yield and WUE.

DISCUSSION

Impact of Different Measures on Soil Water

Storage and Water Consumption of Crops
The effects of the different measures are mainly to increase
organic matter content, improve soil pore characteristics and soil
structure (Yang et al., 2013), and to regulate the exchange of
water and gas at the soil interface, thus affecting soil moisture
and crop growth. It also slows down the damage to crops
caused by unfavorable environmental conditions, promotes the
stable and increased yield (Yang et al,, 2018), and boosts the
water use efficiency of the crop (Hou et al., 2012). Different
measures in different duration have various impacts on the
annual water content regulation and utilization characteristics of
wheat and maize.

In our study, it was found that, during the wheat growth
phase, from 2014 to 2015, the soil water storage in the short-
term experiment at the regreening stage was higher than that
in the long-term experiment because of the lower population
number in the short-term experiment. Furthermore, the short-
term SS treatment resulted in the highest soil water storage at
the whole stages of wheat, except the jointing stage, compared
with the long-term SS treatment and other treatments in two
experiments, possibly due to a temporary large increase in soil
porosity through short-term subsoiling, which improved the
infiltration capability of the soil (Pagliai et al., 2004; Jin et al.,
2007), especially in years with more rainfall and the retention
of water. It is also more likely to generate an immediate impact
for the given cropping season (Bodner et al., 2015), especially
combined with straw mulching that reduces evaporative losses
and prevents rain from hitting the ground directly and causing
damage to newly loose soil (Liu et al., 2017). Moreover, the short-
term SS treatment maintained low population numbers, thereby

reducing soil water consumption (Figure 2A). However, from the
booting to the filling stages, although the population numbers
under the S and SM treatments in the long-term experiment
are still higher than that in the long-term experiment, their soil
water storage was higher than that in the short-term experiment
because they had a stable soil structure (Yang et al., 2018) and
can resist the destruction of soil structure by rain and keep
more water to supply crops after the jointing stage. Yet, from
2015 to 2016, the long-term SS treatment retained more water
in the soil compared with the short-term SS and other treatments
during the whole stage of wheat. This may also be caused by the
stable soil stratification and soil structure formed by the long-
term S and SM treatments. Moreover, less erosion of the soil
occurs during precipitation, and the soil structure is preserved,
which improves crop root growth (Shi et al., 2016; Sun et al,
2017), compared with the other treatments. As for the water
consumption, the short-term SS treatment consumed the lowest
amount of water during the whole stage of wheat from 2014
to 2015, but it was the highest from 2015 to 2016, which was
related to biomass [high biomass appeared in the short-term SS
treatment from 2015 to 2016 (Figure 7A)]. However, the long-
term SS treatment had opposite results compared with the short-
term SS treatment because there was higher biomass from 2014 to
2015, and this was reversed from 2015 to 2016 (Figure 7). We also
found that the short-term and long-term S treatments consumed
less water, although they had high biomass at the different stages
of wheat, which may be due to lower losses by soil evaporation
between plants. This may be because of high vegetation coverage,
and it needs further study.

However, the effect on the soil water storage of maize in the
next stubble is not the same. At different growth stages of maize
in 2015, the soil water storage of each treatment in the long-term
experiment was higher than that in the short-term experiment
except the control, which is consistent with the biomass and
indicates that, compared with loss of maize transpiration, the
high vegetation coverage during the maize growth season is more
conducive to reducing intertree evaporation and maintaining a
high-soil water content. In addition, the soil water storage under
the long-term SS treatment was the highest at the whole stage,
which indicates that mulching was highly effective in reducing
evaporation (Zaongo et al, 1997; Ramakrishna et al., 2006;
Eberbach et al., 2011) because straw could well protect the soil
from rainfall damage to the soil structure and pore, especially
when combined with subsoiling in summer. In addition, the
SS treatment promoted the root growth in the wheat season,
thus improving the soil structure, and promoted water storage
and moisture conservation. Water consumption of maize under
the SS treatment in the long-term treatment was the lowest
compared with the other treatments from the sowing to filling
stages in 2015. However, in 2016, the soil water storage of maize
in the short-term experiment was higher than that in the long-
term experiment, especially under the SM and SS treatments,
which was higher than other treatments. This indicates that straw
mulching served as a protective covering layer and improved
moisture conservation (Akhtar et al., 2019), especially along with
subsoiling. The SS treatment in the long-term experiment led to
lower water consumption, which kept more water in the soil,
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followed by the SM treatment in the short-term experiment,
especially at the big bellmouth-filling stage. This indicates that
subsoiling combined with straw mulching was a good choice for
reducing soil water losses from soils in years of less rainfall.

Comparing the rainfall of these 2 years, we found that, in the
years with more rainfall (2014-2015), rainfall alone could fulfill
the entire water requirement of maize, but not of wheat. In the
period of less rainfall in 2015-2016, deeper soil water had to be
accessed by the crops.

Impact of Different Measures on

Physiological Characteristics of Crops

When soil water availability is improved, the physiological
characteristics of crops are also improved (Xiao et al.,, 2007;
Lamptey et al, 2020). Subsoiling is more beneficial to the
improvement of photosynthetic physiological characteristics of
wheat (Yang et al., 2014b) and maize (Lamptey et al., 2020). Straw
mulching can increase soil moisture and improve the leaf area
index and the net photosynthetic rate of wheat (Zhang et al,,
2010, 2019; Yang et al., 2014b). However, our study found that,
in 2015, although the soil moisture was lower at the heading
and filling stages of wheat, the Pn of the SM treatment in the
short-term experiment at the two growth stages of wheat was
higher than that of other treatments, and also higher than that
of the SM treatment in the long-term experiment. In addition,
the Pn under the SS treatment (low-soil water) in the long-
term experiment was higher than that under the SS treatment
in the short-term experiment. These indicate that moderate
drought is beneficial for increasing the Pn of plants (Zhang et al.,
2008), but these findings are not in accord with the research
by Lamptey et al. (2020), which may be related to differences
in crop types and climate. Furthermore, the short-term SM
treatment and the long-term SS treatment were more beneficial
for improving the Pn of wheat, and the Tr of those treatments
was also relatively higher, but, compared with the control, the Pn
increased more significantly than Tr, which improved the LWUE
and promoted the accumulation of dry matter (Shi et al., 2016).
In 2016, with the lower rainfall, in the long-term experiment,
the Pn under the S treatment was the highest at the heading
and booting stages, while that under the SS treatment was the
highest at the filling stage. This shows that the S and SS treatments
promoted chlorophyll synthesis, slowed chlorophyll degradation,
and maintained a higher leaf area index and the photosynthetic
rate, thus prolonging the functional period and increasing the
distribution of dry matter post-anthesis (Li et al., 2006), ensuring
the accumulation of dry matter and grain filling, and ultimately
resulting in the increment of crop yields (Sun et al,, 2017; Xu
et al, 2017). This also indicates that the long-term practices
improve reliability of access to soil moisture by buffering against
the influence of drought stress (Bodner et al., 2015).

However, the short-term SM treatment and the long-term
SS treatment were more beneficial for increasing of the LWUE.
The results show that, in the year with less rainfall (2016), long-
term application of measures was more beneficial for improving
the photosynthetic physiological characteristics of wheat and
promoting Pn, which might be due to an improvement of

soil structure and aggregate stability (Dossou-Yovo et al., 2016;
Zhang et al., 2017a) and an increase and retention in soil water
content (Zhang et al., 2015). For maize, in 2015, short-term
measures were more beneficial for improving the Pn of maize
than long-term application, and the Tr was also significantly
higher than that under the long-term application, because they
had higher stomatal conductance (gs) of its leaves. However,
soil moisture content was lower under the short-term treatment
than that under the long-term treatment, which indicates that g,
does not necessarily increase with soil moisture but will decrease
when soil moisture is below a critical level (Baronti et al., 2014).
At different years, the Pn of maize under the SS treatment was
significantly higher than those under the other treatments in the
two experiments, while the LWUE of the SS treatment at the
filling stage of maize in different years was still higher than other
treatments, which was related to high leaf N and leaf area indexes
(Zhang et al., 2019). Compared with the short-term experiment,
the Pn and LWUE of maize in the long-term experiment were
higher, and the SS treatment had the best results. This indicates
that the long-term application of treatments results in stable
soil physical properties that regulate soil moisture, temperature,
nutrients, and microbial community and are more beneficial for
improving the photosynthetic efficiency per unit water utilization
and promoting dry matter accumulation (Shi et al., 2016).

Impact of Soil Moisture Conservation
Measures on Growth and Water Use of
Crops

The improvement of soil moisture regulation, physiological
characteristics, and the characteristics of soil microbial
communities (Ji et al., 2014) through such agricultural practices
is beneficial for crop growth, yield, and water production
efficiency. Wang et al. (2013) showed that subsoiling improved
photosynthetic capacity at the later stages of wheat growth,
leading to yield increases and water savings. Straw mulching
preserved the topsoil structure and maintained water infiltration
(Barton et al., 2004), increased soil organic carbon, improved the
physicochemical properties of soil (Jorddn et al., 2010), altered
the soil temperature, and provided a good living condition
for crop growth. Thus, straw mulching had a positive effect
on maize yield and WUE (Ocio et al., 1991). However, straw
mulch has also been shown to negatively affect crop growth and
yield (Li et al., 2008; Balwinder et al., 2011). In our study, it
was found that, in 2015, with more rainfall, the yield of wheat
under the SM and SS treatments was not higher than that
under the S treatment because of changes in microclimate (soil
surface temperature) (Balwinder et al., 2011). Therefore, the S
treatment in two experiments increased the yield by 14.6 and
17.7% and had a positive effect on the 1,000-grain weight, similar
to the findings of Kuang et al. (2020), and the WUE under
the S treatment in the long-term experiment was the highest,
13.7% higher than those under the control. These indicate that
subsoiling improved photosynthesis, dry matter accumulation
(Shi et al., 2016), translocation post anthesis to the grain (Huang
et al., 2009), and could improve soil structure by eliminating
soil compaction, thereby increasing both yield and water use
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efficiency (Pikul and Kristian, 2003). In contrast, the growing
season of summer maize is generally from middle June to end
of September, and lower temperature may have positive effect
on its growth (Zhang et al., 2019). Accordingly, in our study,
we found that the yield and WUE of maize of the short-term
and long-term SS treatments were all higher than those of other
treatments in two experiments, the yield was 16.2 and 11.9%
higher than that of the control, and the WUE was 7.3 and 12.4%
higher than that of the control, respectively. This also agrees
with previous studies that have concluded that straw mulching
modifies the crop growth environment and increases the yield
(Zhang et al.,, 2019) and WUE of maize (Gao et al., 2019), and
the effect is more obvious when straw mulching is combined
with subsoiling.

However, Yang et al. (2020) found that mulching was more
effective in avoiding yield losses in a dry climate than in a humid
climate. In our study, we found that, in 2016, with less rainfall, the
yield and WUE of wheat of the SM treatment in the short-term
experiment and the SS treatment in the long-term experiment
were the highest; the yield increased by 16.4 and 12.1%, and the
water use efficiency increased by 12.2 and 15.9% compared to
the control, respectively. The yield and WUE of maize of the
SS treatment in the short-term experiment were 36.5 and 35.9%
higher than that of the control, respectively. In the long-term
experiment, the yield and WUE of the SS treatment were still
the highest, at 23.3 and 32.4% higher than that of the control,
respectively. The results agree with previous studies that have
shown that the SS treatment reduces evaporation, improves soil
water retention, and promotes crop growth (Zhang et al., 2019)
and water utilization during the maize growing season (Kuang
et al., 2020), especially in the year of less rainfall.

The total yield of wheat and maize under the S treatment was
the highest in the short-term experiment of 2 years, which is
consistent with the results obtained by Yang et al. (2014a). The
annual total WUE of these two scenarios was much higher than
that of other scenarios, at 24.4 and 23.8% higher than that of
the control, respectively. The total WUE of all the treatments,
especially the SS treatment, in the long-term experiment in 2016
was significantly higher than that in the short-term experiment
and that in 2015. This suggests that, in years with less rainfall,
long-term application of SS can better keep more water in soil
and then improve photosynthetic physiological characteristics,
coordinate biomass distribution, and ameliorate crop water
stress, thus promoting crop yield and WUE. This further
indicates that the effects of tillage and straw mulch on grain
yield and WUE greatly depend on in-season rainfall (Wang and
Shangguan, 2015; Zhang et al., 2017b). This practice can be a
good choice for farmers, because it saves time and handling costs,
instead of burning the crop straw in the open field, and, as such,
also avoids environmental problems (Sun et al., 2016).
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CONCLUSION
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under larger rainfall, for example, in 2015 compared with
2016. Thus, according to our results, during a drought year,
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