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Abstract: Winter wheat and summer maize were planted from 2015-2017 to study the effects of different rotational tillage
patterns on soil physicochemical properties, crop yield, water content, and fertilizer utilization. The tillage treatments were
designed as wheat subsoiling-maize no tillage (WS-MN), wheat rotary tillage-maize subsoiling (WR-MS), wheat
subsoiling-maize subsoiling (WS-MS), and conventional wheat rotary tillage-maize no tillage (WR-MN) as a control. Among
the four treatments, WS-MN and WR-MS were single-season subsoiling treatments, and WS-MS was a two-season subsoiling
treatment. The average soil bulk density decreased by 7.6% in the single- and double-season subsoiling groups compared to
the WR-MN group, and the total porosity and noncapillary porosity increased by 10.7% and 12.2%, respectively. Single- or
double-season subsoiling treatment was not conducive to water storage in the 0-20 cm soil layer but increased the water content
of the 20-140 cm soil layer, and the average soil water content of the 0-140 cm layer was increased by 11.6% in the
two-growing season treatment groups compared with the WR-MN group. In WS-MS and WS-MN groups compared with the
WR-MN group, the soil ammonium nitrogen content was increased by an average of 18.6% in 0-20 cm soil and 16.8% in
20-100 cm soil; soil nitrate-nitrogen content was decreased by 13.5% in 0-100 cm soil; total organic carbon and microbial
carbon contents in the 15-30 cm soil were increased by 18.1% and 12.7%, respectively; and soil urease, catalase, and alkaline
phosphatase activities were increased by 46.1%, 15.2%, and 23.1%, respectively. Annual crop yield and water use efficiency
increased by 8.9% and 15.0%, respectively, in both the single- and double-season subsoiling treatment groups. This study
demonstrated the advantages of subsoiling tillage and suggested that it is suitable for crop cultivation in the Haihe Plain, China.
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1 Introduction

Water, fertilizer, air, heat, and microbes are the main
determinants of the soil ecological environment!"”, all of which
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will significantly affect the root function, the quality, and the yield
of crops®™¥.  Tillage changes soil properties, including soil
porosity, aggregate structure, particle-water-air ratio, and soil
water-heat characteristics, It is an important way to regulate soil
ecological environment™. Therefore, for a long time, it has been
considered as an important part of crop high-yield and
high-efficiency cultivation system to optimize farming measures,
change the ecological environment of crop root growth and
promote crop growth and development!®7).

However, not every variant of tillage type is suitable for every
situation, especially in areas where a single tillage method is
continuously used, several major constraints are associated with
climate and soil type, high levels of crop residue, and mixed
cropping systems. For example, as a typical conservation tillage
method, no-tillage plays a pivotal role in the achievement of
ecological agricultural production™”. Nevertheless, many studies
have found that long-term no-tillage also has some disadvantages,
especially long-term no-tillage (NT) in the same field will reduce
the soil temperature!'”, improve the compactness, and increase
N,O emissions!'"'?.  The results of studies on reduced tillage are
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similart’®.  Although the crop yield can be increased in a short
period of reduced tillage, long-term shallow rotation causes the
plough pan to move up, reduces soil permeability, and ultimately
restricts crop root system growth!',  Therefore, developing a soil
tillage model suitable for crop planting systems and ecological
conditions is essential for long-term single tillage!'*!.

Subsoiling tillage (ST) can be used to mechanically disrupt
hardpans to promote better water infiltration!'®'”), increase soil
, and ultimately
improve crop yiel Therefore, the combination of soil ST

and NT has positive significance to improve soil physical and

porosity!'®], optimize root space-time distribution!”’

2021

chemical properties and promote crop growth. Studies have
shown that by alternating the use of NT and ST, the water content
of the 0-20 cm soil layer can be increased by 8% in the maize

21 In

growing season and by 6% in the intermittent season
addition, alternating the use of NT and ST increases the yield of red
peas by 3000 kg/hm?* and barley by 600 kg/hm? in areas with poor
soil fertility™. RT, ST, and deep ploughing tillage can be used
alternately to effectively solve the problems with soil porosity,
especially capillary porosity reduction and soil compaction caused
by long-term NT in plots with low soil bulk density!"). Many
studies have shown that in addition to the ecological significance of
conservation tillage, attention should be paid to the beneficial
effects of rational rotation on optimizing soil physical and chemical
properties and improving water and fertilizer use efficiency™'***.

The Haihe Plain is located in the northern part of the North
China Plain®. It is an important grain-producing area in China,
and the winter wheat-summer maize double cropping system as
well as returning the whole crop straw to the field is the main
planting method in this region. The winter wheat is prepared by
rotary tillage (RT) with a 15cm soil depth, and the summer maize is
no-tillage sowing (NT)!'?%]. Although this tillage rotation system
can make full use of resources such as light, heat and arable land,
and may be favorable for soil physical functionality as well as
agronomic and environmental functions®*”.  However, the
tillage combination is adopted in farmland year by year has very
obvious effects on the raising of plough pan layer and subsoil
compaction®”, especially coupled with the effects of returning crop
straw and mechanical compaction. These changes in structural
pores negatively affect water movement and root growth,
temporally as well as spatially?®!*], and ultimately affect the yield
of crops. Therefore, developing a soil tillage model suitable for
crop planting systems and ecological conditions is essential for
long-term single tillage.

Based on the above problems, a two-year experiment on the
combination of RT and ST in the wheat season and NT and ST in
the maize season was conducted, which aimed to determine the
effects of different rotation tillage treatments on soil physical and
chemical characteristics, water heat and respiration characteristics,
yield, and water-fertilizer utilization.  Finally, through the
selection of the best winter wheat-summer maize annual rotation
tillage measures, this study provides technical support for water
saving, stress resistance, a high yield, and the efficient utilization of
resources in the Haihe Plain of China.

2 Materials and methods

2.1 Trial site description

The experiment was conducted during the 2015-2016 and
2016-2017 winter wheat-summer maize growing seasons at the
Dryland Farming Institute of Hebei Academy of Agriculture and
Forestry Sciences (38°01'N, 115°32’E). The soil type of the test

site was loam soil with a bulk density of 1.42 g/cm’ in the 0-20 cm
soil layer, 1.49 g/cm’ in the 20-40 cm soil layer, 1.52 g/cm’ in the
40-60 cm soil layer, 1.58 g/cm’® in the 60-80 cm soil layer,
1.52 g/em® in the 80-100 cm soil layer, 1.35 g/em’ in the 100-
120 cm soil layer, 1.60 g/cm® in the 120-140 cm soil layer,
1.60 g/cm® in the 140-160 cm soil layer, 1.45 g/em’ in the 160-
180 cm soil layer, and 1.52 g/cm® in the 180-200 cm soil layer. In
the 0-20 cm soil layer, the alkali-hydro nitrogen, available phosphorus,
available potassium, and soil organic matter contents were
66.7 mg/kg, 24.1 mg/kg, 122.4 mg/kg, and 14.7 g/kg, respectively.
The rainfall amount was 131.4 mm in the 2015-2016 wheat season,
292.1 mm in the 2016 maize season; 125.4 mm in the 2016-2017
wheat season, and 306.6 mm in the 2017 maize season (Figure 1).
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Figure 1 Precipitation and average temperature for the

wheat-maize double cropping systems in 2015-2016 and
2016-2017

2.2 Field management and experimental design

A random block design was used with four replicates per block
in this experiment; each plot was 450.0 m* (10.0 m longx45.0 m
wide). The following four tillage systems were applied: RT in the
wheat season and NT in the maize season (WR-MN) (Control), ST
in the wheat season and NT in the maize season (WS-MN), RT in
the wheat season and ST in the maize season (WR-MS), and ST in
the wheat season and ST in the maize season (WS-MS).

RT treatment in wheat season: Maize straw crushing and
returning to the field (1JQ-220 type straw returning machine)—
fertilization (ZC-240 type fertilizer spinner)—Rotary tillage
(1GN-180 type rotary cultivator, which was used for rotary tillage
twice at a depth of 15 cm)—Sowing (2BFX14 type wheat planter).

ST treatment in wheat season was designed as maize straw
crushing and returning to the field (1JQ-220 type straw returning
machine) —Subsoiling tillage and fertilization (2FS type subsoiling,
rotary tillage and fertilization integrated machine, which can
complete fertilization, subsoiling and rotary tillage simultaneously;
the subsoiling depth was 30 cm and its subsoiling shovels interval
was 60 cm; the rotary tillage depth was 15 cm, and this link is
operated once) — Sowing (2BFX14 type wheat planter).
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NT treatment in maize season: Wheat harvest—Sowing
(2BQF-5 type maize no-till precision seeder, and this machine can
complete fertilization and sowing simultaneously).

ST treatment in maize season: Wheat harvest—Sowing
(2BMSQFY-4 type maize Subsoiling full layer fertilization
precision seeder, and the machine was integrated with subsoiling
and sowing through alternating loosening and sowing processes,
with a tillage depth of 25 cm).

The basal fertilizer consisted of pure N (120 kg/hm?), P,Os
(112.5 kg/hm?), and K,O (112.5 kg/hm?), and the spring fertilizer

consisted of pure N at 120 kg/hm® during the wheat season. In the
maize season, fertilizer comprising pure N (225 kg/hm?), P,Os
(120 kg/hm?), and K,0 (90 kg/hm?) was applied. Slow-release
and quick-acting nitrogen fertilizers were provided at a 1:1 ratio.
The wheat variety that was tested was ‘Heng 4399,” and the basic
seedling rate was 3.75x10° plants/hm®.  Winter wheat was
irrigated twice in spring, and fertilizer was applied with the first
irrigation. The maize variety under test was ‘Zhengdan 958’, and
the planting density was 63000 plants/hm®>. The relevant
irrigation, sowing, and harvest information are listed in Table 1.

Table 1 Sowing, harvest, irrigation dates and amounts in the wheat-maize double cropping system from 2015-2016 and 2016-2017

Winter wheat

Summer maize

Growing
season Sowing date  Irrigation date Irrigation Irrigation date Irrigation Harvest date Sowing date  Irrigation date  Harvest date
(M/D) (M/D) amount/mm (M/D) amount/mm (M/D) (M/D) (M/D) (M/D)
2015-2016 10/12 04/01 74.6 05/01 75.5 06/11 06/17 52.5 10/04
2016-2017 10/12 03/29 79.5 05/02 67.5 06/12 06/16 60.5 10/05

Note: According to 90% of the field water-holding capacity of 0-80 cm soil, the relative water content of 0-80 cm soil layer after three irrigations in the wheat maize
cropping season was 88% (measured on April 2, 2016), 87.5% (measured on May 2, 2016) and 87.2% (measured on June 18, 2016), respectively, from 2015-2016. The
relative water content of the 0-80 cm soil layer after three irrigations in the wheat maize growing season was 88.2% (measured on March 30, 2017), 87.1% (measured on

March 30, 2017) and 87 0% (measured on June 17, 2017), respectively, from 2016-2017.

2.3 Analysis of soil properties
2.3.1 Soil bulk density, porosity

The 0-10 cm, 10-20 cm, and 20-30 cm soil layers were
sampled at the wheat seedling stage, wheat jointing stage, wheat
maturity stage, maize heading stage, and maize maturity stage.
Three sample points were randomly selected in each cell, and a
total of 12 sample points were sampled for each process. The
samples were used to determine the bulk density, total porosity,
capillary porosity, and non-capillary porosity.

The main indices were total porosity (P, %), capillary porosity
(P, %), and noncapillary porosity (Ps, %), and the corresponding
calculation equations are as follows:

P, = (1 — D,/D,) x100% 0
P, = (Fc ~VTM)xD;x100% @
P;=P, =P, )

where, D is the soil bulk density (g/cm®), which was determined
by the cutting ring method™"; D, is the particle density (g/cm’),
which was calculated by using the pycnometer method?®*>*%; Fc is
the soil field capacity, which was determined according to the field
method®%; VTM is the soil wilting moisture content, which was
measured by the pressure pot method™'*7.,
2.3.2  Soil nutrient parameters

After maize harvest, the 0-10 c¢cm, 10-20 cm, 20-40 cm,
40-60 cm, 60-80 cm, 80-100 cm, and 100-120 cm soil layers were
sampled to determine nitrate and ammonium nitrogen contents®®.
Soil nitrate nitrogen was extracted with 1 mol/L KCl, and its
content was determined by a flow analyzer (Auto Analyser 3,
Germany)®”.  Soil ammonium nitrogen content was determined
by ultraviolet spectrophotometry.
2.3.3  Soil enzyme activity

The 0-15 cm and 15-30 cm soil layers were sampled to
determine the activities of urease (URE), polyphenol oxidase
(ALP), catalase (CAT), alkaline phosphatase (PPO), total soil
organic carbon (SOC), soil microbial biomass carbon (SMBC), and
active microbial biomass (AMB). Soil enzyme activity was
determined by the indophenol colorimetry method, sodium phenyl
phosphate colorimetric method, potassium permanganate titration
method, and pyrogallol colorimetric method, as previously
described™ .

Soil organic carbon (SOC) content was determined using the

potassium dichromate volumetric method. The soil microbial
biomass carbon (SMBC) content was determined by the chloroform
fumigation-K,SO, extraction method and calculated using the
following equation!*'):

SMBC = EC/Kgc “
where, EC is the difference in carbon content between fumigated
and nonfumigated soil K,SO, extracts; Kgc is the conversion
coefficient, the value of which is 0.38.

The number of active microorganisms in the soil was
determined by mathematical analysis of the respiratory curve.
Specifically, 1 g of fresh soil was added to 0.4 mL glucose medium.
CO, release was measured after 24 h of incubation at 20°C. The
microbial quotient was calculated as follows!**!:

Microbial quotient = SMBC/SOC 5)
2.3.4 Soil temperature, water content, and respiration rate

The daily average temperature of the 10 cm soil layer was
monitored from wheat sowing to maize harvest. The soil
respiration rate was measured every 15 d. The water content in
2 m soil was measured before sowing and after harvest of wheat
and maize. The soil respiration rate was measured using the
dynamic closed gas chamber method with a Li-6400 instrument(*!,
The soil temperature was measured using an HL20-type
meteorological data acquisition device. The soil water content
(volumetric water content, %) was determined with a
TRIME-PICO portable moisture-measuring instrument.

2.3.3  Yield components and water use efficiency (WUE)

In the harvest period, 1.0 m long and 11 rows wide (1.5 m)
plots were randomly selected from each replicate of wheat, and all
ears were collected and converted to ears per unit area; 20 ears
from each replicate were randomly selected, the grains per ear were
counted, and the grain weight and yield were calculated according
to the standard moisture content of 12.5% after drying. 20 m-long
and 5 row-wide (2.4 m) plots were randomly selected from each
replication of maize, and all ears were collected and converted to
ears per unit area; 20 ears were selected in each plot, the number of
grains per ear was counted, and the grain weight and yield were
calculated according to the standard moisture content of 14.0%
after drying. The yield of wheat and maize at maturity was measured
to calculate the WUE and PFP.  The following formula was used*":

WUE = Y/ET 6)
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where, WUE is the water use efficiency, kg/(hm*mm); ET is
evapotranspiration per unit area, mm; Y is the yield, kg/hm’.
2.3.4 Total nitrogen accumulation (TNA) and partial fertilizer
productivity (PFP)

The total nitrogen content (TNC) in the above-ground part of
the plant was determined after wheat and maize harvesting using a
Kjeldahl analyzer, and the TNC of the plants was calculated as
follows®:

TNC=DWPxPDPxNCP @)
where, TNC is total nitrogen accumulation, kg/hm?; DWP is the
dry weight per plant; NCP is the nitrogen content per plant at
harvest time, %; PDP is the plant density per plot.

The partial productivity of fertilizer was calculated as follows:
PFP=Y/F ®)
where, PFP is the partial productivity of fertilizer, kg/kg; F is the
input of pure nutrients of fertilizer (N, P,Os, K,0), kg/hmz.
2.4 Data analysis
All data are presented as the mean+SD (standard deviation).
Analysis of variance (ANOVA) was performed using the SPSS
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21.0 for Windows software package. The least significant
difference (LSD) test was used to separate treatment means
exhibiting significant differences at p<0.05.

3 Results

3.1 Soil physical properties
3.1.1 Soil bulk density and porosity

The soil bulk density of the 10-20 cm and 20-30 cm soil layers
in the WS-MN group was decreased by 5.6% and 6.0%,
respectively, compared to that in the control WR-MN group
(p<0.05); in the WR-MS group compared to the control group, the
soil bulk density was decreased by 8.7% in the 10-20 cm soil layer
and by 6.7% in the 20-30 cm soil layer. In the WS-MS group
compared to the control group, the soil bulk density exhibited a
reduction of 10.4% in the 10-20 cm layer and 8.5% in the 20-30 cm
layer (Figures 2a-2f) (2015-2016 and 2016-2017 growing seasons
average). The soil bulk density of the 10-30 cm soil layer
decreased by 7.6% over the two years (single-season or two-season
subsoiling treatment average).
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cm soil layer; b, h, n, t, e, k, q, and w are data from the 10-20 cm soil layer; and ¢, i, o, u, f, 1, r, and x are data from the 20-30 cm soil layer.

WSS, WMS, and MMS

represent the wheat seedling stage, wheat maturity stage and maize maturity stage, respectively. The error bars represent the standard errors of the mean.
Figure 2 Soil bulk density (a-f), soil porosity (g-1), noncapillary porosity (m-r), and capillary porosity (t-x) under different rotational tillage
patterns

There are three types of soil porosity: void porosity, capillary
porosity, and noncapillary porosity (Figures 2g-21). Subsoiling
can effectively increase the total porosity and the proportion of
noncapillary porosity (Figures 2m-2q). The total porosity ratio in
the 0-30 cm soil layer increased by 4.5%, 2.5%, and 4.7%, in the
WR-MS, WS-MN, and WS-MS groups, respectively, compared to

the WR-MN group while the noncapillary porosity ratio increased
by 21.6%, 6.6%, and 25.4%, respectively.
statistically significant differences in capillary porosity among the
treatment groups (Figures 2s-2x).

There were no

The average soil bulk density
decreased by 7.6%, and the total porosity and noncapillary porosity
increased by 10.7% and 12.2%, respectively, in the two seasons of
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single or two seasons of subsoiling treatment compared to the
control treatment.
3.1.2  Soil water content

Compared to WR-MS and WR-MN, WS-MN and WS-MS
significantly increased the soil water content by an average of
14.7% in the 20-80 cm soil layer; however, none of the treatments
significantly altered the soil water content below the 80 cm soil
Figures 2b and 2d show that the water
content in the 20-140 cm soil layer increased by 16.9% and 11.1%,
in the WT-MS and MS-WS groups, respectively, compared with
the WR-MN group. The difference between the WR-MS and
WS-MS groups was not statistically significant (p>0.05). The
water content in the 20-140 cm soil layer of the WS-MN group
increased by 12.1% after the maize season.

layer (Figures 3a and 3c).

According to the
above results, under the one-year double cropping system of winter
wheat and summer maize in the Haihe Plain of China, the soil

water content after a single season or two seasons of subsoiling
tillage can be significantly increased below 20 cm.
3.1.3  Soil temperature

During the prewinter stage of wheat, the 10 cm ground
temperature of the WS-MN and WS-MS groups was increased by
1.8°C (22.1%) compared to that of the WR-MS and WR-MN groups
with RT. In contrast, the average ground temperature decreased
by 0.9 °C during the overwintering period and increased by 3.2°C
from the green to the mature stage. During the maize season, the
WS-MS and WR-MS treatments with subsoiling tillage increased
the average 10 cm ground temperature by 2.3°C in comparison
with the control WR-MN treatment. The ground temperature of
the WS-MN group was 0.8°C higher than that of the WR-MN
group (Figure 4). Higher ground temperatures can accelerate the
formation of the dry soil layer and help reduce soil evaporation and
increase water storage after irrigation or high-intensity precipitation.
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Figure 4 Average temperature at a soil depth of 10 cm over 5 d under different rotational tillage patterns

3.2 Distribution of nitrate nitrogen and ammonium nitrogen
in soil

The ammonium nitrogen content soil layer increased by 35.5%
on average in the 0-20 cm soil in the WS-MS and WS-MN groups
compared to the control WR-MN group, while it decreased by
28.7% in the 20-100 cm soil layer (Figures 5a, 5c, Se, and 5g).
The nitrate nitrogen content was on average 11.5% lower than that
in the WR-MN group in the 0-100 cm soil layer. During the
maize season, the average ammonium nitrogen content increased
by 18.6% in the 0-20 cm soil layer, decreased by 16.8% in the
20-100 cm soil layer, and decreased by 13.5% in the 0-100 cm soil
layer. The different tillage treatments had no significant effects
on the nitrate nitrogen content or ammonium nitrogen content in
soil below 100 cm (Figures 5b, 5d, and 5f%).
3.3 Soil organic carbon, microbial carbon, and active
microbial populations

During the wheat season, the SOC and SMBC contents in the

Mar May Jul

b.2016-2017

15-30 cm soil were significantly increased by 10.2% and 14.8% in
the WS-MS and WS-MN groups, respectively, compared to the
WR-MN group. However, there were no significant differences
in SOC or SMBC content in the 0-15 cm soil between the WS-MS
and WS-MN groups. During the maize season, the SOC content
in the 15-30 cm soil was increased by 27.2% and 24.9% in the
WS-MS and WR-MS groups, respectively, compared to the control
WR-MN group. The SMBC content increased by 12.1% in the
WS-MS group and 17.4% in the WR-MS group. Moreover, in the
WS-MN groups, the SOC and SMBC contents in the 15-30 cm soil
increased by 9.9% and 6.4%, respectively (Figures 6a-6h). The
different tillage treatments had no obvious effects on the soil
microbial quotient but had significant effects on the number of
active microbes in the soil. The WS-MS and WR-MS treatments
significantly increased the number of active microbes in the 0-
30 cm soil layer, which was 28.9% higher on average than that in
the control WR-MN group (Figures 6i-6p).
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Note: a, ¢, e, and g are data measured at wheat maturity; b, d, f, and h are data measured at maize maturity.
Figure 5 Distribution of ammonium nitrogen (a-d) and nitrate nitrogen (e-h) in 0-120 cm soil under different rotational tillage patterns

Table 2 Total soil organic carbon content, microbial carbon content, microorganism quotient, and active microorganism number
under different rotational tillage patterns

Total organic carbon Microbial biomass carbon Microorganism Active microorganism
Year Growth season Treatment content/mg-kg ' content/mg-kg " quotient/% number/mg-kg '
0-15 cm 15-30 cm 0-15 cm 15-30 cm 0-15 cm 15-30 cm 0-15 cm 15-30 cm
WR-MN 20.38" 20.95° 166.21° 171.21° 8.16 8.17° 95.37° 44.15°
WS-MN 21.06" 23.25° 164.32% 181.21° 7.80" 7.79° 100.12° 69.74"
Wheat b b a b a a a b
WS-MN 19.95a 21.01 170.12 171.67 8.53 8.17 98.74 55.16
WR-MS 19.14a° 22.97° 163.24® 188.32% 8.53° 8.19° 97.63* 64.32°
2015-2016 5 S 5 5 : ; 5 5
WR-MN 16.23 13.97 158.6 103.22 9.2 7.21 25.3 20.16
Mai WS-MN 19.22° 14.59° 165.08° 106.89° 9.11° 7.5° 30.1° 30.14°
aize . .
WS-MN 19.06" 15.83° 163.97* 108.9* 9.3" 7.27° 31.7° 30.04"
WR-MS 19.39° 16.97 163.2° 109.2° 9.09* 7.14% 30.9° 29.61°
WR-MN 17.25% 14.31° 158.2% 105.61¢ 9.17° 7.38% 25.32° 5.39°
WS-MN 18.12° 19.26" 151.3° 132.3° 8.34" 6.87% 25.61° 7.36"
Wheat ab c a c b a a c
WS-MN 17.63 14.97 156.3 105.46 8.87 7.04 25.48 5.04
WR-MS 17.95% 18.3% 155.9° 124.31° 8.69" 6.79® 26.03" 6.11"
2016-2017 5 S 7l 7l S ; 5 .
WR-MN 22.15 22.16 175.34 185.34 7.92 8.36 16.6 32.08
. WS-MN 28.97* 25.12° 192.34° 200.14° 6.64™ 7.97* 19.70° 38.56
Maize b a b ab a ab a a
WS-MN 25.69 30.14 204.6 214.69 7.96 7.12 20.50 42.84
WR-MS 27.92° 28.14° 215.6" 229.64° 7.72° 8.16" 20.9* 41.06*

Note: Values followed by a different lowercase letter within the same column are significantly different at the 0.05 level.
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Note: a, e, i, m, ¢, g, k, and o are data collected in the wheat season; b, f, j, n, d, h, 1, and p are data collected in the maize season; a, b, e, f, i, j, m, and n are data
from 2015-2016; ¢, d, g, h, j, k, 1, 0, and p are data from 2016-2017. WSS, WMS, and MMS represent the wheat seedling stage, wheat maturity stage, and maize
maturity stage, respectively. The error bars represent the standard errors of the mean.

Figure 6 Effects on soil enzyme activities under different rotational tillage patterns
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3.4 Soil enzyme activities and respiration rate
3.4.1 Soil enzyme activities

The total urease activity in the 0-30 cm soil was increased by
19% in WS-MN group compared with the WR-MN group (Figures
6a-6d). The WR-MS and WS-MS treatments did not affect the
URE activity in the 0-15 cm soil but significantly increased the
URE activity in the 15-30 cm soil by 6.8% on average in the two
wheat-maize planting seasons. In the WS-MN, WR-MS, and
WS-MS groups, the PPO activity in the 0-30 cm soil was increased
by 17.3%, 16.6%, and 18.95%, respectively (Figures 6e-6p).
CAT activity was increased by 18.8%, 9.1%, and 21.9% (Figures
6i-61), and ALP was increased by 13.9%, 11.1%, and 21.0%
(Figures 6m-6p) in the WS-MN, WR-MS, and WS-MS groups,
respectively, compared to the control WR-MN treatment in the two
wheat-maize seasons. Further comparison of the WS-MN and
WR-MS single-season subsoiling treatments demonstrated that the
activity of URE activity in soil increased significantly after wheat

Maize season

Wheat season

g
=
1

241

—8— WR-MN

Soil breath/mol CO;m™s”
Bo
L

12F
—&— WR-MS
osk —8— WS-MN
: —v— WS-MS
L T ¥ T L] T L] T ¥ T v T
Oct Dec Feb Apr Jun Aug Oct

a.2015-2016

season subsoiling, but there was no significant difference in the
activity of other enzymes. In the two-season subsoiling treatment
WS-MS, there was no significant change in other indices. The
results indicated that subsoiling tillage effectively increased soil
enzyme activity, which improved soil chemical properties,
promoted the utilization of organic matter, and accelerated the
nutrient cycle.
3.4.2 Soil respiration rate

Subsoiling notably increased the soil respiration rate (Figure 7).
Compared to WR-MS and WR-MN, WS-MS and WS-MN led to
an increase in the soil respiration rate of 7.5% on average in the
two wheat seasons and 19.5% on average in the two maize seasons;
however, the difference between the effects of the WS-MS and
WS-MN treatments was not statistically significant. In addition,
subsoiling during the wheat season had no significant effect on the
soil respiration rate in the maize season in the WS-MN group
compared to the control WR-MN group.

Maize season

Wheat season

- 30F
O 241
2
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Figure 7 Respiration dynamics in 10 cm soil under different rotational tillage patterns

3.5 Wheat-maize double cropping yield and WUE under
different rotational tillage patterns
3.5.1 Yield and WUE of maize and wheat

Compared to the control WR-MN treatment, the WS-MS
treatment had the highest annual yield increase (i.e., 10.6% in the
two growing seasons), followed by the single subsoiling WR-MS
and WS-MN treatments, with an average increase of 7.5% (Table
1). Compared to RT (WR-MN and WR-MS), subsoiling tillage
(WS-MN and WS-MS) during the wheat season significantly
increased the wheat yield by 3.9% on average in the two wheat
seasons. Moreover, the WS-MN treatment significantly increased
maize yield in the same year by 7.2%. Compared with the
WR-MN treatment, subsoiling (WS-MS and WR-MS) during the
maize season notably increased maize yield by an average of
12.1% in the two maize seasons. Subsoiling significantly reduced
water consumption during the crop growth period. The annual
water consumption showed the greatest reduction (6.5%) in the
WS-MS group compared to the WR-MN group during the two
seasons and a reduction of 4.1% on average in the single subsoiling

WS-MN and WR-MS treatments compared to the WR-MN group.
Furthermore, crop WUE in the whole year and the single wheat or
maize seasons also significantly increased. The annual crop WUE
under subsoiling tillage in both seasons showed the greatest
increase (18.3%), and the WUE in the single-season subsoiling
treatments WS-MN and WR-MS increased by an average of
12.1%.

3.5.2 Nitrogen uptake (TNA) of wheat and maize and partial
fertilizer productivity (PFP)

The single-season subsoiling treatments WR-MS and WS-MN
and the two-season subsoiling treatment WS-MS significantly
increased wheat and maize annual nitrogen uptake. Compared to
WR-MN, WR-MS, WS-MS, and WS-MN increased the annual
nitrogen uptake of crops by 14.3%, 11.4%, and 5.1%, respectively.
In addition, subsoiling significantly improved PFP. The average
annual utilization efficiencies of N, P,Os, and K,O in the WR-MS,
WS-MN, and WS-MS groups increased by 8.63%, 8.46%, and
8.54%, respectively, compared with those in the WR-MN group
(Table 4).

Table 3 Yield, farmland evapotranspiration, and WUE of wheat and maize under different rotational tillage patterns

Yield/kg-hm™

Water consumption/mm

WUE/kg-hm 2:mm™"

Year Treatment
Wheat Maize Whole year Wheat Maize Whole year Wheat Maize Whole year
WR-MN 7302.3° 9078.3¢ 16380.6° 431.0° 4299 860.9° 16.9° 21.1° 19.0°
20159016 WS-MN 8064.51‘: 9802.3°b 17866.81 411.9° 412.3% 824.2: 19‘62 23.8% 217
WR-MS 7387.4 10089.9° 17477.3° 434.6" 392.4° 827.0 17.0 25.7° 21.1°
WS-MS 8096.4° 10178.5° 18274.9° 415.5° 386.1° 801.6° 19.5° 26.4° 22.8°
WR-MN 7711.6° 8996.9° 16708.5° 419.7° 421.5° 841.2° 18.4° 21.3° 19.9°
2016.2017 WS-MN 8245.7: 9572.1° 17817.8”: 401.6Cb 406.2° 807.8E 20.52 23.6™ 22.1°
WR-MS 7805.1 10201.3* 18006.4° 413.9° 392.2¢ 806.1 189 26.0° 223
WS-MS 8244.3° 10064.1%° 18308.4° 399.9° 389.3° 789.2° 20.6" 25.9° 23.2°

Note: Values followed by different lowercase letters within the same column are significantly different at the 0.05 level.
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Table 4 Nitrogen uptake (NU) of wheat and maize and partial fertilizer productivity (PFP) under different rotational tillage patterns

PFP/kg'kg
NU/kg-hm™
Year Treatment Wheat Maize Whole year

Wheat Maize Whole year N PzOs KzO N PzOs Kzo N P205 Kzo

WR-MN 239.6° 284.1° 284.1° 304° 649" 649" 403°  757°  1009° 352"  70.5° 80.9°

WS-MN 255.1° 304.6™ 304.6° 33.6" 71.7° 7170 43.6" 81.7°  108.9* 384"  76.8® 88.2°

2015-2016 bb a a b b b a a a ab ab a
WR-MS 238.9 329.9 329.9 30.8 65.7 65.7 44.8 84.1 112.1 37.6 752 86.3

WS-MS 254.6° 314.3% 314.3% 33.7° 72.0° 72.0° 45.2° 84.8°  113.1*  39.3° 78.6° 90.2°

WR-MN 251.6° 286.7° 286.7° 32.1%  68.5° 68.5° 40.0° 75.0° 100.0¢  35.9° 71.9° 82.5°

2016.2017 WS-MN 270.3* 295.3° 295.3° 34.4° 73.3" 733 425 798" 1064 383" 76.6* 88.0°
WR-MS 255.4° 322.5° 322.5° 325" 69.4° 69.4° 453 85.0°  113.3* 387" 77.4° 88.9°

WS-MS 289.7° 321.4% 321.4° 34.4° 73.3° 73.3° 44.7° 83.9°  111.8*  39.4° 78.7° 90.4

Note: Values followed by a different lowercase letter within the same column are significantly different at the 0.05 level.
important role in changing water and heat properties in s0ilP+361,

4 Discussion

4.1 Effects of different rotational tillage patterns on soil
physical properties

Studies have shown that, compared to traditional tillage,
conservation tillage (represented by less or no-tillage) can
effectively improve the physical properties of soil, increase the
water holding capacity, simplify operations, and reduce the
mechanical input; therefore, it is widely used in practical
production!®*>4¢!,
no-tillage or shallow RT is adopted to prevent frequent and
large-scale disturbance of s0il*7): however, in some areas, tillage

For example, in many arid and semiarid areas,

is adopted year after year to obtain higher yields or increased soil
moisture content for sowing!*®l. However, the disadvantages of
the long-term use of a single tillage pattern have gradually
emerged>*); for example, no-tillage in successive years causes
the plough layer to become shallow, which restricts the penetration
of the root systemP”. Mechanical tillage in successive years
causes destruction of the soil aggregate structure, which leads to
wind erosion®!.  Therefore, through the reasonable allocation of
soil tillage methods, including ploughing, rotating, and no-tillage, a
scientific rotation pattern is expected to overcome the
disadvantages of a long-term single tillage system.

The current results show that under the winter wheat-summer
maize double cropping system in the Haihe Plain, the application of
subsoiling tillage could significantly increase soil porosity and
reduce the soil bulk density™®**?. The soil bulk density in the
10-30 cm soil layer decreased by 4.7% on average under
single-season subsoiling with the WS-MN and WR-MS groups and
two season subsoiling in the WS-MS group compared with
conventional tillage in the WR-MN group, and the soil total
porosity and noncapillary porosity in 0-30 cm soil were increased
by 3.8% and 17.9%, respectively. This result supported a
previous report that soil physical properties can be optimized by
introducing subsoiling technology into the rotation system!“®*%!,
However, studies on the Chinese Loess Plateau have shown that the
alternative application of no-tillage and RT is more conducive to
increasing soil porosity and changing soil physical properties™.
It can be seen that subsoiling plays an important role in the
improvement of the rotation system. It is important to improve
the soil compactness and upward movement of the plough pan
caused by single no-tillage or shallow rotation tillage for many
years in the Haihe Plain.

4.2 Effects of different rotational tillage patterns on water
and heat properties in soil and the respiration rate of farmland

Many studies have shown that the tillage method plays an

For example, no-tillage conserves more soil water by increasing
water infiltration and reducing evaporation'”.  Subsoiling can
promote root growth, improve soil water infiltration, and increase

water availability for crops**".

No-tillage reduces the thermal
conductivity of the soil, which leads to a smaller variation in the
amplitude of soil temperature™. However, due to the increase in
soil porosity, subsoiling can increase the variation amplitude of soil
temperature[56].

This study showed that annual rotation tillage with subsoiling
as the core can significantly increase the soil water content in the
middle and deep soil layers (20-120 cm).
two experimental years, the precipitation in summer was more than
that in a normal year, and the water storage capability under
subsoiling increased significantly. The study also showed that
rotation tillage with subsoiling increased the variation amplitude of
soil temperature and average ground temperature in the 10 cm soil

layer.

Specifically, over the

Annual rotation tillage with subsoiling as the core can
guarantee the water demand for crop growth in the later period
through increased soil water storage capacity, which is also
consistent with the results of crop yield in this study. In addition,
rotation tillage with subsoiling as the core improved the soil
respiration rate, possibly due to the higher soil moisture content
and ground temperature under rotation tillage, which also
confirmed the results of a previous study!*®!.
4.3 Effects of different rotational tillage patterns on soil
nutrients and soil enzyme activities

Studies have shown that tillage methods have significant
effects on soil enzyme activity and nutrients?®”*”.  Subsoiling
treatment improves enzyme activities in soil; however, CAT

[61,52,53] In

enzyme activity was reduced in the current study
addition, rotation with ploughing tillage/no-tillage and subsoiling
tillage/ploughing tillage provides an optimal SOC distribution in

the 0-60 cm soil layer™*”).

The current study indicated that rotation
tillage with subsoiling significantly increased the soil organic
carbon content and the enzyme activities of urease, catalase, and
microbial carbon in the 15-30 cm soil layer, which promoted

However, the results of
[62,63]

nutrient utilization efficiency by crops.
the study are not consistent with the results of references
which showed that no-tillage can improve the soil organic carbon
Nitrate nitrogen content in the 0-100 cm soil was
reduced by 13.5% on average, which may have been due to
improved soil physical properties resulting from annual rotation
tillage with subsoiling of maize.

content.

An appropriate soil porosity
provides sufficient space for water and nutrients in the soil, and a
higher soil porosity accelerates the decomposition of soil
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aggregates and is suitable for aerobic microorganism activities,
thereby improving nutrient absorption by crops.

4.4 Effects of different rotational tillage patterns on crop
yield and water and fertilizer utilization

It is undeniable that the long-term single tillage method (such
as continuous no-tillage) plays a beneficial role in maintaining
farmland ecosystems and soil functions®.  However, the
long-term single tillage practice is harmful to crop yield and water
and fertilizer utilization, which has been proven by studies carried
out in the Chinese Loess Plateau with poor soill®'*?***! in eastern
Germany with sand land!), and in many other areas. Therefore,
many studies have focused on the application of different rotation
patterns to improve crop yield and water and fertilizer utilization.
Rotation tillage for 10 consecutive years performed in the Loess
Plateau of China showed that the annual crop yield and WUE were
effectively increased under a rotation pattern with subsoiling/rotary
tillage and subsoiling/no-tillage compared to single tillage with
no-tillage or ST in the wheat-maize cropping system"*”’.

The current study showed that single or two-season subsoiling
increased the annual crop yield by 7.5%-10.6% in the wheat-maize
double cropping system in the Haihe Plain and significantly
improved the water and fertilizer production efficiency. After
subsoiling in the wheat season, regardless of tillage or subsoiling in
the maize season, a higher maize yield was achieved. However,
due to variations in soil type, precipitation, climate, and planting
systems, different soil tillage methods, especially double cropping
annual tillage methods, show different modulating effects on soil
properties. Therefore, additional studies involving more soil types
and longer agricultural periods are needed to further improve the
tillage system and ultimately determine the optimal soil tillage
mode for the wheat-maize double cropping system in the Haihe
Plain, China.

5 Conclusions

In the wheat-maize double cropping system in the Haihe Plain
of China, both single- and two-season subsoiling effectively
reduced soil bulk density and water/fertilizer usage in the
middle-deep soil layer and increased soil porosity, soil temperature,
respiration rate, and the activities of specific soil enzymes.
Therefore, the synergistic interactions between water, fertilizer, and
heat in soil ensured the sustainable productivity of soil and
achieved higher water/fertilizer use efficiency, leading to a higher
annual yield of wheat and maize.
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